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ABSTRACT

Saturn’s rings consist of icy particles of various sizes ranging from millimeters to several meters.
Particles may aggregate into ephemeral elongated clumps known as self-gravity wakes in regions
where the surface mass density and epicyclic frequency give a Toomre critical wavelength which is
much larger than the largest individual particles (Julian and Toomre 1966). Optical depth
measurements at different wavelengths can be used to constrain the sizes of individual particles
(Zebker et al. 1985, Marouf et al. 1983) while measurements of optical depths spanning many
viewing geometries can be used to determine the properties of self-gravity wakes (Colwell et al.
2006, 2007, Hedman et al. 2007, Nicholson and Hedman 2010, Jerousek et al. 2016). Studies
constraining the parameters of the assumed power-law particle size distribution have been attempted
(Zebker et al. 1985, Marouf et al. 1983) but have not yet accounted for the presence of self-gravity
wakes or the much larger elongated particle aggregates seen in Cassini Imaging Subsystem (ISS)
images and commonly referred to as “straw”. We use a multitude of Cassini stellar occultations
measured by UVIS (Ultraviolet Imaging Spectrograph) and VIMS (Visual and Infrared Mapping
Spectrometer) together with Cassini’s RSS (Radio Science Sub System) X-band, Ka-band, and Sband radio occultations to better constrain the particle size distribution throughout Saturn’s main
ring system, including regions where self-gravity wakes have a significant effect on the measured
optical depth of the rings.

iii

Dedicated to Stardust Video and Coffee – my office and sanctuary during the completion
of this dissertation.

iv

ACKNOWLEDGEMENTS

The author wishes to express sincere appreciation and thanks to Professors Yanga Fernandez,
Daniel T. Britt and Mathew M. Hedman for their friendly guidance, insight, and assistance in the
preparation of this manuscript. In addition, special thanks to Joshua E. Colwell, my advisor and my
friend, whose thoughtful and patient guidance was absolutely essential to this undertaking. I would
also like to express sincere appreciation to Larry W. Esposito, the principle investigator of the
Cassini UVIS instrument and to the rest of the Cassini UVIS team whose guidance, encouragement,
and inclusiveness contributed greatly to the quality of this document. Conversations with Mathew
Tiscareno, an investigator on the Cassini ISS team, about many of the images shown in this work
have inspired me to explore a variety of processes which contributed to this work and to him I would
also like to express my appreciation. Philip D. Nicholson of the Cassini VIMS team and Dick F.
French, principle investigator of Cassini RSS, have also contributed greatly to my understanding of
the subjects presented in this work. Conversations with Joseph Harrington at the University of
Central Florida on best programming practices are also not to go unmentioned. Thank you. Thanks
also to my family and friends and colleagues at UCF and at Valencia College whose support was
essential to this endeavor. I’d like to thank professor Irina Struganova, William Stillwell, and Bob
Gessner, my colleagues at Valencia College, for their support and encouragement is this during this
endeavor and for substituting for me during my absences while I was away at so many conferences.
I’d also like to express my gratitude to my girlfriend, Dr. Cicely Scheiner for all that she has done,
her patience, and her understanding. It is no small feat to put up with a partner teaching full-time
v

and finishing a doctoral degree. You deserve so much more time and attention than I’ve given you
during this process. I’ll do my best to make it up to you. Finally, thanks to my loving family: my
father Greg, my mother Sue, and my sister Andrea for your love and encouragement and support
through both the best and the worst times. I couldn’t have done this without your support.

vi

TABLE OF CONTENTS

LIST OF FIGURES ............................................................................................................................. xi
LIST OF TABLES .............................................................................................................................xvi
LIST OF ACRONYMS AND SYMBOLS ......................................................................................xvii
CHAPTER 1: INTRODUCTION......................................................................................................... 1
1.1

Historical Background: Galileo Galilei - Voyager.................................................. 1

1.2

Other Planetary Rings ............................................................................................ 10

1.3

The Cassini Mission ............................................................................................... 13

1.3.1

The Ultraviolet Imaging Spectrograph (UVIS) ................................................ 17

1.3.2

The Visual and Infrared Mapping Spectrometer (VIMS) ................................ 18

1.3.3

The Radio Science Subsystem (RSS)................................................................ 19

1.3.4

The Imaging Science Subsystem (ISS) ............................................................. 19

1.4

The Utility of Stellar Occultations ......................................................................... 20

1.5

Organization of This Study .................................................................................... 22

CHAPTER 2: CALIBRATION OF STELLAR OCCULTATION DATA AND REVIEW OF
MAJOR RING FEATURES ............................................................................................................... 24
2.1

Introduction ............................................................................................................ 24

2.2

Calibration of Normal Optical Depth Profiles from Stellar Occultations ............ 25

2.2.1

Determining Geometric Parameters .................................................................. 25
vi

2.2.2

Calibration of Normal Optical Depths .............................................................. 28

2.2.3

Modeling the Background Signal ...................................................................... 30

2.2.4

Calibrating VIMS Occultations ......................................................................... 36

2.2.5

Comparisons of VIMS and UVIS stellar occultations ...................................... 37

2.3
Occultations

Review of Major Features in Saturn’s Main Rings from UVIS Stellar
48

2.3.1

The D Ring ......................................................................................................... 50

2.3.2

The C Ring ......................................................................................................... 51

2.3.3

The B Ring ......................................................................................................... 60

2.3.4

The Cassini Division .......................................................................................... 67

2.3.5

The A Ring ......................................................................................................... 70

2.3.6

The Roche Division and F Ring ........................................................................ 77

CHAPTER 3: PARTICLE SIZE DISTRIBUTION PARAMETERS FROM DIFFERENTIAL
OPTICAL DEPTHS............................................................................................................................ 79
3.1

Pre-Cassini Particle Size Distribution Studies ...................................................... 79

3.2

Models of the Ring Plane and Diffraction............................................................. 81

3.3

A Many-particle Thick, Low Optical Depth Ring ................................................ 87

3.3.1

Comparing UVIS and VIMS Observations ...................................................... 88

3.3.2

Extinction Efficiencies from Mie Theory ......................................................... 90

3.3.3

Reconstruction of Cassini RSS Optical Depths ................................................ 92

3.3.4

Goodness-of-Fit and Errors in Measured Optical Depths ................................ 95
viii

3.3.5

Numerical Integration of Model Optical Depths .............................................. 97

3.3.6

Limitations in the Cassini Division ................................................................... 97

3.3.7

Best-fit Simple Power-law Size Distribution Parameters in the C Ring .......... 98

3.3.8

Best-fit Size Distribution Parameters in the Cassini Division ........................ 106

3.4

The Ring as Several Particle Monolayers of Low Optical Depth ...................... 109

3.5

Beyond the Simple Power-law Size Distribution ...............................................111

CHAPTER 4: PARTICLE SIZES BETWEEN AND INSIDE SELF-GRAVITY WAKES .........114
4.1

Introduction ..........................................................................................................114

4.2

Self-gravity Wake Parameters .............................................................................121

4.3

Best-fit Parameters Using VIMS and UVIS Stellar Occultations ...................... 124

4.4

Best-fit Particle Size Distribution Parameters Between Self-gravity Wakes .....136

4.4.1

A Ring ..............................................................................................................136

4.4.2

B ring ................................................................................................................142

4.5

Particle aggregation and size distribution parameters in the troughs of spiral

density waves. 146
4.6

Size distribution parameters in the C ring plateaus and triple band feature of the

Cassini Division ............................................................................................................................ 157
CHAPTER 5: DISCUSION ..............................................................................................................165
5.1
5.1.1

C Ring Results......................................................................................................165
Low Optical Depth Regions ............................................................................165
ix

5.1.2
5.2

The Plateaus and C Ring Ramp .......................................................................170
The B Ring ...........................................................................................................172

5.2.1

B1 ..................................................................................................................... 172

5.2.2

B2-B3 ...............................................................................................................173

5.2.3

B4-B5 ...............................................................................................................174

5.3

The Cassini Division ............................................................................................ 175

5.3.1

Low Optical Depth Regions ............................................................................175

5.3.2

The Triple band and Cassini Division Ramp ..................................................176

5.4

The A Ring ...........................................................................................................178

5.4.1

Inner A Ring.....................................................................................................178

5.4.2

The Central A Ring .......................................................................................... 179

5.4.3

The Trans-Encke Region ................................................................................. 182

5.4.4

Limitations of the Models ................................................................................185

5.5

Conclusions ..........................................................................................................186

5.6

Future Work .........................................................................................................191

LIST OF REFERENCES ..................................................................................................................193

x

LIST OF FIGURES

Figure 1.1. Early interpretations of observations of Saturn from Alexander (1962). ......................... 3
Figure 1.2. Keeler’s 1895 diagram of the Doppler shifted spectra from (Ball 1900). ........................ 5
Figure 1.3. Comparison of the ring systems and inner satellites of the four Jovian planets from
Burns et al. (2001)....................................................................................................................... 12
Figure 1.4. The Cassini Spacecraft with Huygens probe attached. ................................................... 16
Figure 1.5. A map of Saturn’s Rings from RSS, VIMS, and UVIS Stellar Occultations. ................ 22
Figure 2.1. Geometric parameters of an occultation. ......................................................................... 26
Figure 2.2. The most opaque regions of Saturn’s B ring. .................................................................. 32
Figure 2.3. The occultation of the star 126 Tauri (rev 8) by Saturn’s rings from the Cassini UVIS
FUV and HSP from Colwell et al. (2006). ................................................................................. 33
Figure 2.4. The UVIS HSP Ramp-up. ................................................................................................ 35
Figure 2.5. VIMS and UVIS Fields of View. ..................................................................................... 47
Figure 2.6. Saturn’s tenuous D Ring. ................................................................................................. 50
Figure 2.7. The inner C ring in UVIS optical depths. ........................................................................ 53
Figure 2.8. The background C ring in UVIS optical depths. ............................................................. 55
Figure 2.9. The outer C ring in UVIS optical depths. ........................................................................ 57
Figure 2.10. The C ring ramp in UVIS optical depths. ...................................................................... 59
Figure 2.11. The inner B ring (B1) in UVIS optical depths............................................................... 61
Figure 2.12. B2 and B3 from UVIS optical depths in UVIS optical depths. .................................... 63
xi

Figure 2.13. The B4 region in UVIS optical depths. ......................................................................... 64
Figure 2.14. The outer B ring (B5) in UVIS optical depths............................................................... 66
Figure 2.15. The inner Cassini Division in UVIS optical depths. ..................................................... 67
Figure 2.16. The Cassini Division Ramp in UVIS optical depths. .................................................... 69
Figure 2.17. The Inner A ring in UVIS optical depths....................................................................... 71
Figure 2.18. The central A ring in UVIS optical depths. ................................................................... 73
Figure 2.19. The trans-Encke region in UVIS optical depths. ........................................................... 75
Figure 2.20. The Roche Division and F ring in UVIS optical depths. .............................................. 77
Figure 3.1. The N thin-layers model. .................................................................................................. 85
Figure 3.2. The Mie-model Extinction efficiencies for S, X, and Ka band wavelengths. ................ 92
Figure 3.3. Cassini RSS X, S, and Ka band optical depths and fractional differences in optical
depth from Cuzzi et al. (2009). ................................................................................................... 93
Figure 3.4. Reconstructed S-band and Ka-band optical depths. ....................................................... 94
Figure 3.5. (a) Fractional differences between measured and computed optical depths are typically
less than ~ 10%. The computed and measured normal optical depths do not agree as well in
the C ring plateau or C ring ramp. (b) Measured and power-law computed normal optical
depths throughout the C ring. Using occultations optical depths at similar viewing geometries
and at five wavelengths, we fit the four parameters of a simple power-law size distribution. In
the low optical depth regions (the inner C ring, background C ring, and the regions between
the plateaus in the outer C ring. ................................................................................................ 100
Figure 3.6. Best-fit size distribution parameters throughout the C ring. ........................................101
xii

Figure 3.7. Contour Plots of χ2 in the C ring. ..................................................................................102
Figure 3.8. Reduced χ2 across the C ring (purple) and UVIS normal optical depth from ε Canis
Majoris (rev 174) at B ~ 26.0º (green). .................................................................................... 103
Figure 3.9. Comparison of derived Reff from Colwell et al. (2018) with values computed using our
best-fit size distribution parameters.......................................................................................... 105
Figure 3.10. (a) amin vs. τUVIS. The best-fit trend line has a slope of ~ -30 mm. (b) amax vs. τUVIS. The
best-fit trend line has a slope of ~ 6.0m. Error bars on best-fit amin and amax depict the range
where χ2 is larger by a factor of two. ........................................................................................ 106
Figure 3.11. Fractional differences between measured and model computed optical depths in the
Cassini Division. .......................................................................................................................108
Figure 3.12. Best-fit size distribution parameters in the Cassini Division. .....................................109
Figure 3.13. χ2 from three models across the C ring. .......................................................................112
Figure 4.1. Simulations of self-gravity wakes from Salo et al. (2004) ............................................115
Figure 4.2. Toomre critical wavelength as a function of ring plane radius from and numerical
simulations of self-gravity wakes over a variety of ring plane radii and optical depths. .......116
Figure 4.3. Self-gravity wake structure resolved by UVIS HSP from Jerousek et al. (2016). .......118
Figure 4.4. Cartoon depicting the elliptical cross-section wake model. From Hedman et al. (2007).
...................................................................................................................................................120
Figure 4.5. The rectangular cross-section model of self-gravity wakes from Jerousek et al. (2016)
...................................................................................................................................................121

xiii

Figure 4.6. Best-fit gap optical depths using the ray-tracing rectangular cross-section wake model
of Colwell et al. (2006, 2007) throughout the A ring. ............................................................. 123
Figure 4.7. Model computed and measured transparencies from Jerousek et al 2016...................126
Figure 4.8. A ring self-gravity wake parameters and minimum particle size (amin) determined by
Jerousek et al. (2016) ................................................................................................................127
Figure 4.9. Normal optical depth distributions from Jerousek et al. (2016)....................................129
Figure 4.10. B ring self-gravity wake parameters and minimum particle size (amin) determined by
Jerousek et al. (2016). ...............................................................................................................133
Figure 4.11. χ2 throughout the A and B rings from Jerousek et al. (2016) ......................................134
Figure 4.12. Cross-sections of the matrix of root-mean-square post-fit residuals in T from Jerousek
et al. (2016) ............................................................................................................................... 135
Figure 4.13. Best-fit power-law size distribution and geometric self-gravity wake parameters
throughout Saturn’s A ring. ......................................................................................................140
Figure 4.14. χ2 throughout Saturn’s main rings using the single-scattering, rectangular slab wake
model. ........................................................................................................................................142
Figure 4.15. Best-fit power-law size distribution and geometric self-gravity wake parameters
throughout Saturn’s B ring. ......................................................................................................144
Figure 4.16. χ2 throughout Saturn’s A ring using the single-scattering, rectangular slab wake
model. ........................................................................................................................................145
Figure 4.17. Comparison of goodness-of-fit between single scattering (simple power-law) and
multiple scattering models (N-thin-layers model). ..................................................................145
xiv

Figure 4.18. Best-fit parameters from the N thin-layers model and the rectangular slab self-gravity
wake model. .............................................................................................................................. 146
Figure 4.19. Cartoon of particle streamlines outside the Janus 6:5 inner Linblad resonance. ........153
Figure 4.20. Numerically aligned density wave peaks and troughs at the Janus 6:5 resonance. ....155
Figure 4.21. Several C ring plateaus in VIMS, UVIS, and RSS X band optical depth at 1 km radial
resolution. ..................................................................................................................................159
Figure 4.22. UVIS normal optical depths versus ring plane incidence angle, B in plateau, P5. ....160
Figure 4.23. “Straw”-like streaky texture in the C ring plateaus from Tiscareno et al. (Submitted
2018)..........................................................................................................................................162
Figure 4.24. Best-fit N thin-layers parameters for the C ring plateaus with particle aggregates
modeled using the rectangular slab wake model of Colwell et al. (2006, 2007). ...................164
Figure 5.1. B5 and the inner Cassini Division showing the “straw” near the B ring outer edge. ...175
Figure 5.2. The triple band feature of the Cassini Division ............................................................. 178
Figure 5.3. Simulated view of Saturn’s rings the best-fit wake parameters of Jerousek et al (2016).
...................................................................................................................................................180
Figure 5.4. Straw resolved in the troughs of the Janus 6:5 spiral density wave. ............................. 182
Figure 5.5. The trans-Encke region. .................................................................................................183
Figure 5.6. Large particle aggregates in the trans-Keeler region. .................................................... 184

xv

LIST OF TABLES

Table 1.1. Summary of instruments on the Cassini spacecraft. ......................................................... 15
Table 2.1. UVIS,VIMS, and RSS X-band occultations used in this study........................................ 39
Table 4.1. Self-gravity wake parameters and minimum particle size in spiral density wave troughs.
...................................................................................................................................................156
Table 5.1. Average particle size distribution parameters from previous studies using radio and
stellar occultations of Saturn’s rings from Cuzzi et al. (2009) and from this study. ..............187
Table 5.2. Best-fit self-gravity wake parameters from the ray-tracing rectangular-slab model in
selected ring features.................................................................................................................189

xvi

LIST OF ACRONYMS AND SYMBOLS

UVIS

The Cassini Ultraviolet Imaging Spectrograph.

VIMS

The Cassini Visual and Infrared Mapping Spectrometer.

RSS

The Cassini Radio Science Subsystem.

ISS

The Cassini Imaging Science Subsystem.

FOV

Field of view.

a

Particle radius.

amin

Radius of the smallest individual particles in the rings.

amax

Radius of the largest individual particles in the rings.

I

Magnitude of the measured signal such as in a stellar occultations. (Hz)

I0

Magnitude of the unocculted star signal. (Hz)

n0

Surface number density of 10-cm particles in the rings. (#/m2/m)

q

Differential power-law size distribution index where n(a) = Ca-qda.

λ

Wavelength of light.

θ

Scattering angle. This is 180◦ minus the phase angle.

κ

Epicyclic frequency of a particle’s orbit.

B

Ring-opening angle. This is the angle between the ring plane and the incident
radiation, or the ring plane and the line-of-sight to the observer.

xvii



Clock angle. This is the angle from the outward radial direction away from Saturn and
in the ring plane toward the projection of the line-of-sight to the star in the prograde
sense.

σ

Local surface mass density of the rings. (kg/m2)

μ, μ0

sin(|B|) In cases where there is multiple scattering μ0 refers to sin(|B|) with B
representing the ring plane incidence angle of the incoming radiation before multiple
scattering takes place.

τ

The optical depth along the line-of-sight path through the rings and given by ln(I/(I0
+ b)) if the rings can be treated as a many-particle-thick homogenous cloud of
particles.

τN

Normal optical depth. (μτ)

T

Transparency or transmission of the ring.

Qext

Extinction efficiency or effective electromagnetic cross section of particle.

xviii

CHAPTER 1: INTRODUCTION

1.1 Historical Background: Galileo Galilei - Voyager
“Has Kronos devoured his children?” inquired Galileo Galilei after two years of observations
of the planet Saturn with his modest telescope showed the “lobes” on either side of the planet slowly
shrink and disappear. This must have been a puzzling observation for Galileo who never recognized
that the planet was surrounded by rings. Galileo’s observations along with observations by Scheiner,
Riccioli, Hevel, Divini and others during the first half of the 17th century allowed Christian Huygens
to develop an explanation for the disappearing act Galileo originally observed: Saturn was indeed
surrounded by a thin flat ring, nowhere touching and inclined to the ecliptic. The changing aspect of
the rings was merely a consequence of viewing geometry as Earth and Saturn progressed through
their one-year and 29½-year respective orbits around the Sun. Huygens, who also discovered
Saturn’s largest moon Titan, catalogued these early observations of the Saturn system and sketched
out his explanation in Systema Saturnium (1659). An excerpt from the book is shown in Figure 1.1,
taken from Alexander (1962).
As telescope design improved, observations of the rings showed progressively more detail.
In 1675, Giovanni Domenico Cassini observed a dark region separating the inner and outer halves
of Saturn’s rings. This dark region, later characterized as a gap which encircled Saturn by William
Herschel (1791), now bears the name of its first witness: the Cassini Division. The rings had been
split in two in the minds of these pioneering observers although few of them were questioning
Huygen’s speculation that the rings were solid disks.
1

The current taxonomy of Saturn’s rings, was spurred by Cassini’s proverbial split with the A
and B rings labeled as those immediately exterior and interior to the Cassini Division. Subsequent
rings were classified in the order of their discovery. In 1850, the much fainter C ring was discovered
interior to the B ring. The C ring was found to have similar character to the Cassini Division which
is now known as a ring region rather than a gap due to the intricate structure of ringlets and true gaps
contained within it. The A, B, and C rings together with the Cassini Division are today considered
Saturn’s “main” rings. Later discoveries of numerous diffuse and “dusty” rings such as the D ring,
E ring, G ring and others, most of which are coorbital with some of Saturn’s many moons, added to
the menagerie. The narrow F ring which resides less than an Earth radius outside of Saturn’s A ring
wasn’t discovered until 1979 by the Pioneer Imaging team. The F ring is an intricately-braided,
narrow ring, opaque in its core, and contains a large fraction of micron-sized particles as well as
large unseen boulders which repeatedly crash through the F ring core creating “kinks” and “minijets” (Murray et al. 2008). For these reasons the F ring is somewhat harder to classify and is not
typically considered a part of Saturn’s main rings nor one of Saturn’s diffuse rings.

2

Figure 1.1. Early interpretations of observations of Saturn from Alexander (1962).
(right panel) Early observations by: I, Galileo (1610), who in 1616 drew Saturn much like IX; II,
Scheiner (1614); III, Riccioli (1641 or 1643); IV-VII, Hevel (theoretical forms); VIII and IX,
Riccioli (1648-1650); X, Divini (1646-1648); XI, Fontana (1638); XII, Biancani (1616); Gassendi
(1638-1639); XIII, Fontana and others at Rome (1644, 1645). (left panel) A sketch by Christian
Huygens showing how the aspect of the rings changes over a 14-15 year cycling as Earth crosses
the plane of Saturn’s rings.

As the rapid improvement of telescopes beyond Galileo’s original design allowed for the
discovery of the various ring regions, and moons, the composition of Saturn’s rings was also under
scrutiny. In 1660, Jean Chapelain suggested that the rings are composed of countless satellites in
orbit around Saturn. With the exception of Giovanni Domenico Cassini, astronomers of the time
rejected Chapelain’s hypothesis in favor of Christian Huygens who believed that Saturn’s ring was
solid. Chapelain’s suggestion went largely unnoticed for several centuries.
William Herschel’s discovery of a “black list” on one side of the A ring was probably the
first observation of what would become known as the Encke gap, held open by the tiny moon, Pan.
Herschel’s discovery may have spurred Pierre Simon de Laplace (1787) to suggest that Saturn’s
rings were composed of many solid ringlets and to further show a uniform solid ring was dynamically
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unstable. In 1849, Edouard Roche postulated that, instead, the ring’s origin was likely a fluid satellite
that strayed too close to Saturn and was torn into many fluid satellites by Saturn’s tidal forces.
Ultimately, the discrete particulate nature of Saturn’s rings was demonstrated by James Clerk
Maxwell (1859). Maxwell followed the reasoning of Pierre Simon Laplace that a system of solid
rings could not be stable under the influence of tidal forces. He then showed that a fluid ring system
would quickly evolve into fluid satellites under the influence of waves in the fluid generated by any
disturbing gravitational perturbations. Maxwell concluded that “the only system of [planetary] rings
that could exist is one composed of an indefinite number of unconnected particles revolving ‘round
the planet with different velocities according to their respective distances.” (Alexander 1962). The
Keplerian velocity gradient of ring particles was verified by James E. Keeler in 1895. He used a
photographic spectroscope to measure orbital velocities from the Doppler shift of five spectral lines
at the inner edge of the B ring and at the outer edge of the A ring. An excerpt from Keeler’s original
work is shown in Figure 1.2.

4

Figure 1.2. Keeler’s 1895 diagram of the Doppler shifted spectra from (Ball 1900).
The diagram demonstrated the Keplerian velocities of the myriads of particles composing Saturn’s
rings. The diagram also shows that the planet essentially rotates as a solid body.

Maxwell’s 1859 dynamical proof of the particulate nature of Saturn’s rings won the Adams
prize, and since then it has been widely assumed that the rings consist of particles spanning a wide
range of sizes. Further constraints on the sizes of ring particles were only imposed in the wake of the
Pioneer 11 (1979) flyby and Voyager 1 (1980) and 2 (1981) flybys (Esposito et al. 1980, Cuzzi et al.
1984, Marouf et al. 1983, Esposito et al. 1984, Zebker et al. 1985)
In the meantime, Earth-based and space-based observations had identified a bewildering
complexity of the structure in Saturn’s rings on scales from kilometers to many hundreds of
5

kilometers. The smallest scale organization of particles is driven by the competing forces of interparticle gravitation and shear caused by the Keplerian velocity gradient while larger structures in the
rings are due to the gravitational interactions of the ring particles with Saturn’s many moons,
embedded moonlets, or even radiation pressure from the Sun (in the case of ringlets composed of
very fine, ~ 1 μm sized particles).
Observations of the left and right ansae of Saturn’s rings during the first half of the twentieth
century showed an inequality in brightness. Camichel (1958) first documented that the ring’s
reflectivity had two maxima and two minima 180º from each other, and the phenomenon came to be
known as the quadrupole brightness (or reflectance) asymmetry. Thompson et al. (1981) showed this
variation in reflectance was dependent on the pitch angle of the rings relative to the observer and
Dones et al. (1993) found that the variation in reflectance had a narrow peak in the center of Saturn’s
A ring. Colombo et al. (1976) showed that the asymmetry could be explained as a consequence of
“self-gravity wakes” (Colwell et al. 2006), which were first described in galactic disks by Julian and
Toomre (1966). Though the particles in Saturn’s rings were on independent Keplerian orbits, in
dense ring regions and on scales of just a few tens of meters, the mutual gravitation of particles pulls
them into clumps which are constantly sheared apart by the slight differences in their Keplerian
orbital velocities. Thus, self-gravity wakes appear as a series of elongated clumps, all canted from
the orbital direction by ~ 20 – 25º in the prograde sense. Self-gravity wakes are not “wakes” in the
sense of those behind a boat or even those due to a satellite’s interaction with the rings. Both
examples suggest that wakes are the effect of a perturber on a medium. Self-gravity wakes however
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are merely the quasi-equilibrium state of the rings in regions of sufficient high particle density and
sufficiently low epicyclical frequency.
Observations of Saturn’s rings were limiting the vertical extent of the rings more and more.
In 1848, William and George Bond inferred an upper limit on the ring’s thickness of 40 miles from
the lack of detection of the unlit portion of the ring during Earth’s ring plane crossing. The ring plane
crossing in 1907-1908 constrained the rings to just 15 km in vertical extent. Brahic and Sicardy
(1980) further reduced this upper limit to 1.4 km and the Voyager 2 occultation of δ-Scorpii allowed
Lane et al. (1982) to determine that at least in some regions, the rings are no more than tens of meters
thick.
The Voyager Radio Science System sent coherent beams through Saturn’s rings at both Sband (λ = 13.0 cm) and X-band (λ = 3.6 cm) wavelengths back to Earth. The optical depths at these
two wavelengths together with the direct inversion of the forward scattered S-band signal provided
an enormous amount of information about sizes of particles in the rings and supported the
assumption that particle sizes in Saturn’s rings follow a roughly inverse cubic power-law over the
range of millimeters to meters. The simple power-law differential size distribution describes the
number of particles of radius, a, in the interval [a, a + da] per one square-meter column through the
rings:
𝑛(𝑎) = 𝐶𝑎 −𝑞 da: 𝑎𝑚𝑖𝑛 ≤ 𝑎 ≤ 𝑎𝑚𝑎𝑥 ,

( 1.1 )

where q is the power-law index, C is a scaling parameter, and amin, amax are the radii of thesmallest
and largest particles in the rings respectively.
7

Cuzzi and Pollack (1978), Cuzzi et al. (1980), Marouf et al. (1983), Esposito et al. (1983),
Zebker and Tyler (1984), and Zebker et al. (1985) further determined that the composition of the
ring particles was predominately water ice with a small amount of some darker contaminant and UV
absorber. The chemical composition of this UV absorber is currently unknown but hypothesized to
consist of complex aromatic hydrocarbons (tholins) or nanophase iron from space weathered
micrometeorites which bombard the rings (Cuzzi et al. 2009).
Using the Voyager S-band radio occultation data, Marouf et al. (1983) and Zebker et al.
(1985) were able to derive an upper limit on the sizes of typical particles in the rings. From the direct
inversion of the forward scattered S-band signal, for which diffraction effects are predominately due
to the largest particles, they found that the largest particles range in size from 2 – 5 m in the C ring
and Cassini Division, and they found upper limits of 8-11 m in the A ring. However, they did not
model the ephemeral elongated particle aggregates known as self-gravity wakes which are now
known to dominate the A and B rings. Self-gravity wakes have a typical wavelength on the order of
several tens of meters and have a significant effect on the measured optical depth which depends on
the viewing geometry of the observation.
Marouf et al. (1983) and Zebker et al. (1985) both assumed a minimum particle radius,
amin of 1 mm which was well within the Rayleigh regime for X band (λ = 3.6 cm) and S band (λ =
13 cm) radio wavelengths. A mismatch between the size distribution determined solely from the
inverted S-band signal for particles larger than 1 m and the best-fit particle size distribution for
particles smaller than 1 m from the differential XS optical depth, convinced them to introduce a new
free parameter, N which accounted for multiple scattering within a thin ring a finite number (N)
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particle layers thick. This additional integer-valued free parameter, N represented the number of
layers from which light could be scattered and decreased the magnitude of the discontinuity at a = 1
m in the size distribution. They found that a single power-law number density accurately reproduced
both S and X band optical depths with a ring composed of one to several thin layers. They also
found that the differential number density of particles of radius a most accurately reproduced the S
and X band optical depths with a reciprocal power-law of degree q between 2.9 and 3.11 throughout
Saturn’s main rings.
The Voyager stellar occultation of δ-Scorpii provided another independent measure of the
sizes of the largest particles in the rings. Showalter and Nicholson (1990) analyzed the variance in
this single Voyager PPS (Photopolarimeter Subsystem) occultation. Variance in excess of normal
Poisson counting statistics can be related to the sizes of the ring particle shadows of the incident
starlight. They found that the C ring and Cassini Division have fewer particles of greater radius than
2.0 m compared to the A ring and B ring, although they indicate the possibility that particle
aggregation in the A and B rings could play a significant role in their determination.
Earth-based observations have also used the forward-scattered stellar flux to constrain the
parameters in the particle size distribution of Saturn’s rings. In 1989 near-infrared observations
conducted at Palomar, McDonald, and Lick observatories of the occultation of 28-Sagitarrii by
Saturn’s rings allowed French and Nicholson (2000) to determine a steep power-law slope of q ~ 3.1
throughout the rings except in the inner A ring and B ring where they found q ~ 2.75, again using
the inversion of the forward scattered stellar flux. French and Nicholson (2000) also determined a
minimum particle radius of ~ 1 cm in the C ring and a minimum particle size that decreases from
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about 30 cm in the inner A ring toward the A ring outer edge, however these models also did not
take into account the presence of self-gravity wakes.

1.2 Other Planetary Rings
The Uranian ring system was discovered when Elliot et al. (1977) noticed five distinct rings
in Earth-based stellar occultation profiles. Jupiter’s rings followed after the 1979 Voyager 1 flyby
(Smith et al. 1979), and Neptune’s rings, which were discovered in Earth-based stellar occultation
observations, in 1984 (Manfroid et al. 1986). These late discoveries compared to Saturn’s rings are
likely because the rings of Uranus, Neptune, and Jupiter are much more narrow and far less reflective
than Saturn’s broad, bright rings. The average Bond albedo of Saturn’s rings is greater than 70%
while the Uranian rings have a Bond albedo of < 2%. These ring systems contain much larger
fractions of silicates than Saturn’s particularly icy system, ranging from 20% – 70%, with the
majority of the ring particles consisting of a mixture of ice, silicates and organic compounds such as
tholins (Cruikshank et al. 2005, Barucci et al. 2008) and polyaromatic hydrocarbons (PAHs) (Cuzzi
et al. 2009). Many Earth-based studies as well as studies of Voyager 1 and 2 data have been used to
constrain the particle sizes and compositions in these other planetary rings. In the 1990’s, The Galileo
spacecraft studied Jupiter’s ring system more extensively, and flybys of Cassini and New Horizons
have further added data on the Jovian rings. Figure 1.3 shows comparisons of the large-scale
structure of the rings of the four Jovian planets.
Throop et al. (2004) combined data from Earth-based observations with Voyager, Galileo,
and Cassini data to determine that most the particles in Jupiter’s rings are micron-sized dust particles,
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probably liberated from the surfaces of Jupiter’s many moons by micrometeorite impacts. Brooks et
al. (2004) used Galileo imaging and spectroscopy to constrain a simple power-law size distribution
in the micron size range. They found best-fit power-law indices of q ~ 2 for a < 15 μm and q ~ 5
for a > 15 μm. Thus, the size distribution has a “knee” on a log-log plot. The rings of Jupiter are
tenuous, with normal optical depths due to particles larger than ~1mm contributing τN <10-6. Thus,
the size distribution of particles larger than 1 mm remains, for the most part, unknown.

11

Figure 1.3. Comparison of the ring systems and inner satellites of the four Jovian planets from
Burns et al. (2001).
The dotted line shows the Roche limit for a strengthless body of 1 g/cm3 density. The dashed line
shows the radius of synchronous rotation. All the Planets’ main ring systems lie within the Roche
limit of each planet.
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1.3 The Cassini Mission
In July of 2004, NASA’s flagship mission, the Cassini spacecraft with the attached Huygens
probe, entered orbit around Saturn. Cassini sent back enormous volumes of high quality images and
data until September 15th, of 2017 when the mission, which was deliberately placed on a trajectory
into Saturn’s atmosphere, sent its last signals and tumbled along with any dormant Earth-born
microbes it may be hosting to their fiery end. The Cassini spacecraft carried twelve science
instruments and, with the exception the Cassini Plasma Spectrometer (CAPS) which was turned off
after Cassini’s prime mission due to an electronic anomaly, all remained functional until the end of
the mission.
The remote sensing palette, highlighted in red in Figure 1.4, contained the UVIS (Ultraviolet
Imaging Spectrograph) instrument, the VIMS (Visual and Infrared Mapping Spectrometer)
instrument, the ISS (Imaging Subsystem) instrument with its wide-angle and narrow-angle cameras
(WAC and NAC), and the CIRS (Composite Infrared Spectrometer Subsystem) instrument. Stellar
reference units (SRUs) which are small telescopes designed to facilitate the pointing of the onboard
science instruments, were also mounted on the remote sensing pallet.
Cassini’s high-gain radio antenna not only provided a means of communicating with Earth
via NASA’s three Deep Space Network radio array, but could also sent coherent radio signals
generated by a quartz ultra-stable oscillator through Saturn’s rings, Saturn’s and Titan’s atmosphere
to collect scientific data, or operate as RADAR to map Titan’s surface through its thick haze layer.
Thus, the high-gain antenna was considered a part of the Radio Science Subsystem (RSS), another
science instrument on board Cassini. The ultra-stable oscillator failed late in the mission, however
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radio occultation could still be done by reversing the signal, sending it from Nasa’s Deep Space
Network array to Cassini.
Other instruments on Cassini, but not mounted on the optical remote sensing pallet, measured
fields, particles, and waves. They included INMS (the Ion and Neutral Mass Spectrometer), MIMI
(the Magnetospheric Imaging Instrument), CDA (the Cosmic Dust Analyzer), RPWS (the Radio and
Plasma Wave Science Subsystem), a magnetometer, and the Cassini Plasma Spectrometer (CAPS).
Some of these instruments consist of many components such as MIMI which includes three smaller
instruments: INCA (the Ion and Neutral Camera), LEMMS (the Low Energy Magnetospheric
Measurement Subsystem), and CHEMS (the Charge-Energy Mass Spectrometer), but these
instruments will not be discussed further in this dissertation since this study includes only data from
UVIS, VIMS, RSS, and includes images taken by ISS. A diagram of Cassini-Huygens in its
prelaunch configuration is shown in Figure 1.4. and the various science instruments on the Cassini
spacecraft are summarized in Table 1.1.
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Table 1.1. Summary of instruments on the Cassini spacecraft.
Instrument

Acronym

Objectives

†Ultraviolet Imaging
Spectrograph

UVIS

Spectra and low resolution imaging of
atmospheres and rings for structure, chemistry
and composition

†Visual and Infrared Mapping
Spectrometer
†Radio Science Subsystem

VIMS

Spectral mapping to study composition and
structure of surfaces, atmospheres, and rings
Study of atmospheric and ring structure,
gravity fields and gravitational waves

†Imaging Science Subsystem

ISS

Multispectral imaging of Saturn, Titan, rings
and the icy satellites to observe their
properties

Composite Infrared
Spectrometer

CIRS

Temperature and composition of surfaces,
atmospheres, and rings within the Saturn
system

Radar

RADAR

Radar imaging, altimetry, and passive
radiometry of Titan’s surface

Magnetometer

MAG

Study of Saturn’s magnetic field and
interactions with the solar wind

Magnetospheric Imaging
Instrument

MIMI

Radio and Plasma Wave
Science

RPWS

Global magnetospheric imaging and in situ
measurements of Saturn’s magnetosphere and
solar wind interactions
Measure the electric and magnetic fields and
electron density and temperature in the
interplanetary medium and within the Saturn
magnetosphere

Ion and Neutral Mass
Spectrometer

INMS

In situ compositions of neutral and charged
particles within the Saturn magnetosphere

Cosmic Dust Analyzer

CDA

In situ study of ice and dust grains in the
Saturn system

*Cassini Plasma Spectrometer

CAPS

In situ study of ice and dust grains in the
Saturn system

RSS

Objectives are from Matson et al. (2002). † indicates that the instrument provided data used in this
study. * indicates that the instrument failed before the end of the mission.
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Figure 1.4. The Cassini Spacecraft with Huygens probe attached.
This diagram of Cassini-Huygens illustrates the spacecraft in its prelaunch configuration and
includes all the relevant subsystems and science instruments. the red highlighted area contains the
remote sensing palette. From Matson et al. (2002).
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1.3.1 The Ultraviolet Imaging Spectrograph (UVIS)
The UVIS instrument could operate in several modes. The instrument could acquire spectra
over a wide spatial field of view of 63.0  6.0 mrad covered by 1  64 spatial pixels in either extreme
ultraviolet EUV (55.8 – 118nm) or far ultraviolet FUV (110 – 190 nm) over 1,024 frequency bands
or it could operate a separate high speed photometer (HSP) and collect light over a 6.4  6.0 mrad
field of view with an integration period of only 1, 2, 4, or 8 ms.
The high temporal resolution of the UVIS HSP makes it ideal for measuring occultations of
hot, UV emitting stars by the rings at extremely high radial resolution. The UVIS HSP can acquire
photometric data of stellar occultations with spatial sampling at as low as 5.0 m in the ring plane,
although the Fresnel zone is typically ~ 20 m. The star size on the rings is ~ 1 m, smaller than the
spatial sampling of the UVIS HSP by a factor of 20 but also several times smaller than the largest
particles in the rings. In this study, we primarily use stellar occultation data provided by the UVIS
HSP which collects light over the FUV band from 115nm – 190nm. The device consists of a
photomultiplier tube with a CsI cathode behind a MgF2 lens amplified by a high voltage pulse
amplifier/descriminator (Esposito et al. 2004). As a photomultiplier, the UVIS HSP truly “counts”
photons and has a limited number of photons which can be “counted” before the instrument fails.
Thus, the sensitivity decreases slowly over time. The work function of CsI strongly attenuates the
liberation of electrons from the cathode by photons with λ > 190 nm making it ideal for limiting the
effect of the visible solar spectrum and ring/Saturnshine while observing the occultation of stars by
the rings. On the other side of the bandpass, the MgF2 lens also acts as a wavelength filter and
strongly attenuates the spectrum for wavelengths less than ~ 115 nm. In this work, we consider the
17

effective measured wavelength to be ~150 nm. A more rigorous approach would be to convolve the
blackbody spectrum of the particular star being observed with the UVIS HSP’s spectral response
function, however, the variation in the peak wavelength in the blackbody spectrum over the range of
stars observed by UVIS is small, and our analysis is not strongly sensitive to the effective measured
wavelength. More details about the UVIS instrument and the UVIS HSP can be found in Esposito
et al. (2004).

1.3.2 The Visual and Infrared Mapping Spectrometer (VIMS)
The VIMS instrument can also operate in several different modes. In occultation mode,
VIMS acts as a high-resolution photometer collecting infrared light over a series of spectral channels
with a wavelength range from (0.8 – 5.1 μm). For ring occultations, the 8 spectral channels covering
the range from 2.87 – 3.0 μm, are summed. These channels were chosen for their proximity to the
strong water ice absorption feature to reduce the background signal from ring shine. Photon counts
are converted to data number by an onboard analog to digital converter and thermal background is
removed. Unlike UVIS, the one standard deviation error in data number is dominated by read noise
and detector dark current and is independent of the occultation mean signal level. Since 8 spectral
channels are summed, the one standard deviation error in data number is 𝜎 = √8, thus the signal to
noise ratio for VIMS is typically much higher than for UVIS. VIMS occultation data typically have
a ring plane resolution of < 1km but are binned to 10 km radial resolution for comparison with
occultations from the other instruments. In occultation mode VIMS collects light over a single spatial
pixel with angular dimensions of 0.25  0.5 mrad, much smaller than the FOV of UVIS. A
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comparison of the two instruments’ FOV sizes is shown in figure 5. VIMS normal optical depths
are computed using the same method as for UVIS. Detailed descriptions of the VIMS instrument
and measurement modes can be found in Brown et al. (2004).

1.3.3 The Radio Science Subsystem (RSS)
The radio science subsystem can produce coherent radiation at wavelengths of 0.94 cm (Ka
band), 3.6 cm (X band), and 13.0 cm (S band) using an ultrastable quartz oscillator (Kliore et al.
2004). These coherent radio beams pass through Saturn’s rings en route to Earth. The phase
coherence of these signals allows for reconstruction of normal optical depth profiles of the
intervening rings from the diffraction limited amplitude and phase (to remove the diffraction effects)
of the signal received by one of NASA’s Deep Space Network’s 70 m or 34 m radio telescopes.
These diffraction-corrected normal optical depth profiles have a resolution as low as 100 m in the
ring plane (Marouf et al. 1986).

1.3.4 The Imaging Science Subsystem (ISS)
Although data provided by ISS are not analyzed in this study, the instrument provided most
of the images in this manuscript, and this warrants description of the details of its operation. ISS
consists of two digital camera systems: a narrow angle camera (NAC) and a wide-angle camera
(WAC) both cameras measure light incident upon square arrays of charge-coupled devices 1,024
pixels. The narrow angle camera (NAC) is a reflecting telescope with a 2,000 mm focal length and
a 0.35º FOV while the wide-angle camera is a refractor with a 200 mm focal length and a 2.8º FOV.
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Both telescopes have a filter wheel containing 24 filters which span wavelengths from 200nm –
1100nm. A detailed description of ISS can be found in Porco et al. (2004).

1.4 The Utility of Stellar Occultations
Occultation profiles make up the observational basis of this study. When stars pass behind
the rings from the vantage point of the spacecraft, stellar occultation profiles provide the highest
resolution sampling of the rings, albeit in only 1-dimension. When the radial component of the point
where the line-of-sight to the star intersects the rings moves toward Saturn over time, the occultation
is referred to as an “ingress” occultation. If the radial component of the point where the line-of-sight
to the star intersects the rings moves away from Saturn over time the occultation is referred to as an
“egress” occultation. Radio occultations also follow a 1-dimensional path through the rings, although
the starlight is replaced with a coherent radio beam either from the spacecraft to Earth or as was the
case for the latter half of the Cassini mission due the failure of the ultra-stable oscillator, from one
of Nasa’s DSN radio telescopes through the rings to the spacecraft. The coherence of the radio beam
provides the added information in the phase of the incoming radio waves. Thus, radio occultations
provide the intensity of the directly transmitted signal as well as the radio signal due to diffraction,
allowing for the reconstruction of optical depth profiles with higher resolution than the Fresnel scale
on the rings. The Fresnel scale for radio occultations is
In this study, we use 34 X-band radio occultations, 58 VIMS infrared stellar occultations,
and 163 UVIS ultraviolet stellar occultations as well as reconstructed Ka-band and S-band radio
occultations to paint a picture of the particles and sub-km structure such as self-gravity wakes and
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much larger temporary clumps of ring particles commonly referred to as “straw”. These occultations
span a wide range of viewing geometries through the rings and cover a wide range of ring radii and
longitudes. Due to the collective effects of small structures in the rings, Saturn’s rings look different
from different perspectives. Another advantage of stellar and radio occultations is that each has a
unique perspective of the rings, providing still more information on the small-scale structure. Figure
1.5 shows a map of the rings from the various VIMS, UVIS, and RSS occultation profiles which
were used in this study. This picture, “painted” in stellar occultations would have vastly superior
resolution than an image taken at this distance if it were printed at the full resolution of the
occultations albeit with many “holes” where the occultation profiles didn’t sample the rings. Further,
the occultation data were collected over Cassini’s 13-year tenure in the Saturn system whereas an
image captures its subject in an instant. Since the orbits of ring particles span mere hours, any
azimuthal variations in the image would be smoothed out, though the temporal range of these
occulation profiles still provides a wealth of information on the dynamical phenomena in the rings.
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Figure 1.5. A map of Saturn’s Rings from RSS, VIMS, and UVIS Stellar Occultations.
Occultation paths are shown with ring plane longitudes measured relative to the longitude of the
star in the inertial frame. The color at a given point represents the normal optical depth with white
representing high optical depth (τ > 2), orange intermediate optical depth, and red to black
representing low optical depths (τ < 0.2). The darker colors (lower optical depths) in the central A
ring on the front left ansa and rear right ansa are due the presence of aligned clumps called selfgravity wakes. VIMS occultations are represented with orange tones, UVIS occultations are
represented with blue tones, and RSS occultations are represented with green tones.

1.5 Organization of This Study
In the following chapters, I combine stellar and radio occultation data at multiple
wavelengths to determine the sizes of particles and how they vary throughout the different regions
of Saturn’s main rings.
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In chapter 2, we lay out the precise calibration of UVIS and stellar occultation optical depths.
We discuss the sensitivity and geometry of VIMS and UVIS stellar occultations. We also outline in
detail the structure of Saturn’s main rings from the perspective of UVIS occultations at 1 km
resolution.
In chapter 3, we discuss the determination of the simple power-law differential particle size
distribution parameters using optical depth profiles at multiple wavelengths. We focus on ring
regions where surface mass densities are too low for elongated particle aggregates to form and effect
our results, namely the lower optical depth regions of the C ring and Cassini Division.
In chapter 4, we discuss the determination of particle sizes in dense regions where particles
aggregate into ephemeral elongated clumps called self-gravity wakes, or organize themselves into
larger aggregates seen in Cassini ISS images and commonly called “straw”. The ring regions
discussed in chapter 4 include the C ring plateaus, the B ring, the triple-band feature of the Cassini
Division, and the A ring.
In chapter 5, we summarize our results in each of the ring regions. We discuss their
robustness and opportunities for future work. We conclude on our relevant results in the context of
past and ongoing work.
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CHAPTER 2: CALIBRATION OF STELLAR OCCULTATION DATA
AND REVIEW OF MAJOR RING FEATURES

2.1 Introduction
Stellar occultations provide the highest spatial resolution data of ring structure, albeit as onedimensional traces across the plane of the rings. Two Cassini instruments provide stellar occultation
data: the visual and infrared mapping spectrometer (VIMS) and the ultraviolet imaging spectrograph
(UVIS). Further, radio occultations measured by Cassini’s radio science subsystem (RSS) provide
the data to compute high resolution diffraction corrected optical depth profiles in X-band, S-band
and Ka-band wavelengths as the spacecraft is occulted by the rings from the point of view of NASA’s
Deep Space Network radio telescopes on Earth. The optical depth profiles from the radio and stellar
occultations measured by these three instruments form the observational basis of this work.
Depending on the required precision of photometry, the calibration of these data can require only a
simple reconstruction or more detailed modeling to remove photon counts from unwanted sources
such as those reflected from the disk of Saturn itself, emission from interplanetary hydrogen, and
sunlight scattered off the ring particles. Details on the precise calibration of the UVIS stellar
occultation data and the determination of the geometric parameters on which the calibrations rely
are outlined in this section one of this chapter. Section two presents an overview of Saturn’s main
ring system using these calibrated data.
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2.2 Calibration of Normal Optical Depth Profiles from
Stellar Occultations

2.2.1 Determining Geometric Parameters
To compute normal optical depth profiles, one must determine the ring plane incidence angle
of the occultation, B, which represents the angle from the line-of-sight to the star to a vector in the
plane of the rings. Since the rings orbit in Saturn’s equatorial plane, B is determined by finding the
complement of the angle between the line-of-sight to the star and Saturn’s pole direction. Other
geometric parameters are necessary to compare occultations including the ring plane radius of the
line-of-sight to the star, r, and the “clock angle” (angle in the ring plane prograde from the outward
radial direction, ). Thus,  can be found by subtracting the ring longitude of the occultation point
from the ring longitude of the star. The Fresnel zone at a given wavelength (𝑟𝐹 = √𝜆𝐷 ) requires
information about the distance, D from Cassini to the rings along the line-of-sight to the star. Figure
2.1 shows a diagram of a small piece of the ring plane and depicts a stellar occultation at angles B
and .
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Figure 2.1. Geometric parameters of an occultation.
A hypothetical stellar occultation at a radial distance, r from Saturn’s center. The line-of-sight to
the star makes an angle B with the plane of the rings. The projection of the line-of-sight to the star
into the ring plane makes an angle  from the outward radial direction in the prograde sense. All
red lines are in the plane of the rings. All blue lines are out of the ring plane. Three occultation
points are shown by ellipses showing the Fresnel scale (green) at ring plane distance, D “smeared”
in the direction of motion of the spacecraft over the integration interval.

These geometric parameters are determined using Nasa’s Navigation and Ancillary
Information Facility’s (NAIF) SPICE toolkit (Acton, 1996, Acton et al. 2017). SPICE is an acronym
containing the types of relevant data necessary to accurately compute geometric parameters between
spacecraft and target bodies throughout the solar system. This data is stored in kernel files which
contain both data and algorithms necessary to accurately interpolate between these data. The “S” in
SPICE stands for the spacecraft ephemeris, “P” is for the ephemeris as well as size and orientation
of the target planet or body, “I” includes information on the particular instrument on board the
spacecraft, for example pointing data for the instrument’s FOV, “C” is for C-matrix or coordinate
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transformation data, and determining the orientation of the spacecraft. “E” is for events that whether
planned or not, which may or may not affect the computation of geometric parameters. The SPICE
toolkit packs this information into a set of kernels which continually accumulate as new and
improved information is acquired. The SPICE toolkit includes application program interfaces
(API’s) to compute the relevant geometric parameters. Many of these API’s have been combined in
a IDL1 program called “geometer” designed by Joshua E. Colwell to compute arrays of geometric
parameters commonly used in the analysis of stellar occultations of Saturn, its moons, and rings and
only requires the SPICE kernels, ephemeris time of the observation, target body, and the right
ascension, declination and proper motion of the occulted star in the J1991.25 epoch. Right ascensions
and declinations and proper motions of stars are provided to the geometer software in a text file. The
right ascensions, declinations, and proper motions of the stars are taken from the online SIMBAD
database of Hipparcos catalogued stars and propagated forward to the time of the occultation. The
exact star coordinates are corrected for parallax to the location of Saturn and their proper motions
corrected due to the motion of Saturn around the solar system barycenter.
Uncertainties in the exact position of where the line-of-sight from the star to Cassini
intersects the ring plane are corrected when possible. Assuming a spherical Saturn, the bending of
the line-of-sight by Saturn’s mass is done using a non-iterative general relativistic correction which
affects the occultation positions by less than ~ 1m. The largest uncertainties in geometer’s

1

IDL, short for Interactive Data Language, is a programming language originally language developed by David Stern at the Laboratory
of Atmospheric and Space Physics (LASP) and ITT Visual Information Solutions. The language is currently owned and supported
by Harris Geospatial Solutions.
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determination of the point of the line-of-sight within the rings is the precise location of Cassini in its
orbit at each instant. These errors are ~1 km (Colwell et al. 2010). We consider the ring plane to be
perpendicular to Saturn’s pole (exactly around Saturn’s equator).

Further details on the

determination of the geometric parameters of the occultations are outlined in Colwell et al. (2010).
Some of the occultation tracks are nearly radial across the rings, while in others the
occultation point cuts a chord across the rings as Cassini moves in its elliptical orbit around Saturn.
The radial resolution of each occultation is not constant, and occultation data must be binned to
constant radial resolution once the geometric parameters of the occultations are known in order for
multiple occultations to be compared in a single analysis. Based on the radial bin size, this increases
the signal-to-noise ratio by reducing radial resolution. Occultations are typically binned to 250 m, 1
km, or 10 km radial bins by co-adding the photon counts from sequential points in the raw data until
the desired radial resolution is reached. If an occultation point’s integration area spans the boundary
between two radial bins, the photon counts are divided in accordance with the fraction of the interval
in each bin and added to the two bins respectively.

2.2.2 Calibration of Normal Optical Depths
Occultation data are often presented in optical depth, τ, a dimensionless parameter equal to
𝜏 = ln(𝑇 −1 ) ,

( 2.1 )

where T is the transparency of the rings measured along the line-of-sight from the star to the
spacecraft (in the case of stellar occultations) through the rings. Occultations are measured over a
range of viewing geometries and thus cut different line-of-sight paths through the rings. Assuming
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the ring is a homogeneous slab of particles, much thicker than any individual ring particle, the
derived optical depth is proportional to the path length through the rings. With this assumption, the
normal optical depth which would by observed if the line-of-sight was perpendicular to the ring
plane would be
𝜏𝑁 = sin(𝐵) ∙ ln(𝑇 −1 ),

( 2.2 )

where B, the ring plane incidence angle, is the minimum angle from a vector in the plane of
the rings toward the line-of-sight from the star to the spacecraft. The sine of the ring plane incidence
angle, sin(B) is often written as μ in the literature and this designation will be adopted throughout
the remainder of the this work. The signal which is measured when the star falls in a true gap or
outside the main rings is not just due to the star but also contains photons from background sources
such as sunlight reflected off the rings and Saturn as well as Lyman-α photons from the emission
from interplanetary hydrogen. Thus, the true unocculted star signal, I0 = Ifreespace – b where Ifreespace is
the signal measured in the gaps or outside the main rings and b is the signal due to background
source. The transparency, T can be determined from the unocculted star signal, I0, the background
signal, b for which the determination is detailed in section 2.2.3 and the signal measured along the
line-of-sight through the rings, I using
𝑇=

(𝐼−𝑏)≥𝐼𝑚𝑖𝑛
𝐼𝑜

.

( 2.3 )

Since the signal, I measured along the line-of-sight through the rings may be less than the
derived background signal due to photon counting statistics, we assume that I - b is greater than the
minimum measured signal, Imin, so that the transparency is positive definite.
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Poisson counting statistics also limit the maximum measurable optical depth. Since the
variance of a Poisson distributed set of measurements is equal to the mean, the minimum
transparency that would be within the 1-σ confidence interval is T =

√𝐼
𝐼0

. We place an upper limit on

slant-path optical depth of
𝐼

𝜏𝑚𝑎𝑥 = 𝑙𝑛 ( 0 ),

( 2.4 )

√𝐼

where the measured signal is within 1-σ of zero. Thus, the derived normal optical depth is given by
𝐼

0
𝜏𝑁 = μ [𝑙𝑛 ((𝐼−𝑏)≥𝐼

𝐼

𝑚𝑖𝑛

) ≤ ln ( 0 )].

( 2.5 )

√𝐼

Considering the statistical uncertainty in normal optical depth solely due to Poisson counting
statistics and not systematic uncertainties due to modeling I0 and b, the Z – standard deviation upper
and lower errors in derived normal optical depth are given in Colwell et al. (2010) by

𝜏± = 𝜇 ln 𝐼0 − 𝜇 ln [𝐼0 𝑒

−𝜏𝑁
⁄𝜇

∓ 𝑍√𝐼0 𝑒

−𝜏𝑁
⁄𝜇

+ 𝑏 ].
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2.2.3 Modeling the Background Signal
The background signal, b, that must be removed can come from a variety of sources
depending on the wavelength of the observation. For the UVIS high-speed photometer (HSP) light
is measured over a narrow UV band from 110-190 nm. For occultations where the Cassini UVIS
instrument looks toward the sunlit side of Saturn’s rings, the background signal is dominated by UV
sunlight reflected off the rings, but also includes contibutions from sunlight scattered off the disk of
Saturn and Lyman-α emission from interplanetary hydrogen. For occultations in which the Cassini
UVIS looks toward the unlit side of the rings, the majority of the background signal is due to a
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uniform background of Lyman-α emission from interplanetary hydrogen and, depending on the
viewing geometry of the occultation, UV sunlight scattered off the disk of Saturn into the UVIS field
of view (FOV). Occultations of the unlit side of Saturn’s rings have background contributions
typically less than ~ 100 Hz. Occultations of the sunlit side of the rings can have background
contributions as high as ~ 2000 Hz although the viewing geometry of the occultation, filling factor
of the UVIS FOV by the rings, distance from Cassini to the rings, and the degradation of the
sensitivity of the instrument all significantly affect the background contribution to measured signal.
For occultations of the unlit side of Saturn’s rings the simplest background model can be
found by simply measuring the signal in regions of the rings that are known to be opaque (certain
portions of B3, the region from 104,500 km – 110,000 km) and either interpolating between these
measurements or taking their mean value as the constant background signal level throughout the
rings. The truly opaque regions of Saturn’s rings are in regions B2 and B3 centered at 100,200 km,
100,270 km, 100,760 km, 101,790 km, 102,100 km, 103,880 km, 104,470 km, 104,870 km, 105,400
km, 106,125 km, and 107,885 km from Saturn’s center. Interpolating between opaque points only
more accurately determines optical depths between the opaque regions, and since there are no opaque
regions in the A ring or C ring, this technique can only determine a constant background signal level
outside B2-III. The regions over which background signal levels are averaged are shown in Figure
2.2.
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Figure 2.2. The most opaque regions of Saturn’s B ring.
HSP photon counts from the 2006 occultation of α Arae rev (32) binned to 1 km resolution in the
most opaque regions of Saturn’s B ring. Counts are averaged over each of the eleven regions
highlighted in red to determine the background contribution to the measured signal.

Another technique is to directly model the Lyman-α emission from interplanetary H based
on the orientation of the HSP FOV, fraction of the FOV filled with ring particles and their mean
transparency, and the distance from Cassini to the rings. When the FOV is pointed so that ring
particles are not filling the FOV, Lyman-α emission will be maximal. Colwell et al. (2007) used
spatial and spectral data from the UVIS FUV which was taken simultaneously with HSP stellar
occultation data, to derive a complex model the background signal. Combining FUV observations
of the ring reflectance with the signal measured by the UVIS HSP in many of the true gaps in Saturn’s
rings and the signal measured by the HSP in opaque regions of B2 and B3 in Saturn’s rings allows
for the determination of the background signal in the gaps from b = I – I0 (Figure 2.3).

32

Figure 2.3. The occultation of the star 126 Tauri (rev 8) by Saturn’s rings from the Cassini UVIS
FUV and HSP from Colwell et al. (2006).
(left) FUV image of the rings made during the 126 Tauri (rev 8) occultation. The star is centered
in the spectrograph slit which is oriented vertically and time increases to the right. The color image
was made by assigning red to Lyman-α emission, and green and blue to longer wavelengths in the
FUV where water ice does not absorb. The rings are blue in this scheme with the sky red due to
interplanetary hydrogen. The star is visible in the central few rows. The vertical bands are due to
bleeding of the bright star signal across the spatial dimension of the FUV detector. Scans of the
ring brightness above and below the rows with star signal were used to model the shape of the
background in the HSP occultation data. (right) HSP data from the 126 Tauri (rev 8) occultation
binned to one second intervals (1.5 to 2.8 km radial resolution) together with the background model
(dashed line) constructed from the scattered light measurements with the FUV and fits to opaque
and clear regions in the rings. The increase in the background signal close to the planet is due to
scattered light from Saturn. Systematic errors in UVIS HSP occultation data.

THE UVIS HSP measures starlight with a CsI cathode photomultiplier tube (Esposito et al.
2004) and therefore truly counts photons. The limited number of photons the photomultiplier counts
depends on the number density of electrons in the CsI cathode which decreases as more observations
occur. As the number density of electrons declines, the ability of UV photons to liberate electrons
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and the measured detection current decreases, reducing the sensitivity of the instrument to bright
sources.
Further, the UVIS HSP is subject to an anomalous “ramp-up” effect which produces a
temporal component to the sensitivity of the device. When the HSP cathode is first exposed to bright
starlight, the number of detected photons increases rapidly over a short time (~ 10s) after which the
response slows until the nominal photon count is finally reached after ~30s. Figure 2.4 shows an
example of the “ramp-up” behavior of the UVIS HSP whe the star α Virginis emerges from behind
the A ring outer edge. The temporal response of the instrument is nonlinear and depends on the
unocculted star signal as well as the time since the unocculted star signal was observed. For stars
with I0 < ~ 104 Hz, the ramp-up effect is not seen. For bright stars, removing this ramp-up behavior
can be done empirically by fitting a polynomial to the time series of measured signal and dividing
the observed data by the best-fit polynomial in regions where the signal is not occulted by intervening
material such as the ring gaps, or the Roche Division exterior to the A ring (Becker et al. 2015).
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Figure 2.4. The UVIS HSP Ramp-up.
The A ring outer edge egress (outward from Saturn) occultation of α Virginis (rev 124). The inset
shows that within 40 ms of the star appearing from behind the A ring outer edge, the HSP count
rate (binned by 10 from its nominal 1 ms sampling rate) reaches ~ 88% of the maximum
unoccultated star signal (~ 1.8106 Hz). The HSP count rate only reaches the true unocculted star
signal ~ 25 s after the star has appeared from behind the A ring.

While the star is occulted by the rings, the removal of the ramp-up effect is complicated by
the unknown quantity of intervening material and its photometric effects. Empirically removing the
ramp-up effect as Becker et al. (2015) did only calibrates the HSP photon count rate at the locations
such as gaps where the unocculted signal is measured. Since in our study we are concerned with the
optical depths of the rings and not the unocculted signal in the gaps, there is no benefit to correcting
the ramp-up behavior. We therefore merely interpolate between the uncorrected maximum signal in
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as many empty ring gaps as the occultation profile affords us. We remove the ramp-up behavior for
figures that show HSP photon count rates for unocculted stars.

2.2.4 Calibrating VIMS Occultations
The technique for calibrating VIMS optical depths is essentially the same as the technique
for UVIS occultations outlined above and following Colwell et al. (2010), however differences in
the two instruments lead to a few important caveats in the calibration of VIMS occultations.
In occultation mode, the VIMS instrument collects starlight falling on a single pixel of the
VIMS instrument with angular dimensions of 0.25 mrad  0.50 mrad and the star must be centered
within the pixel before the ring occultation. For this reason, the path of VIMS occultations across
the rings are either chords or are ingress (with the occultation point moving inward toward Saturn).
In some observations, the star is not properly centered within the working pixel. These occultations
show a significant oscillation in intensity in the Roche Division, the region between the A ring and
F ring where optical depths are indistinguishable from empty space and the unocculted star signal is
measured. Due to the complexity of modeling this behavior, these occultations are removed from
our dataset.
The remaining occultations, where the star signal is nearly constant in the Roche Division,
are calibrated in the same way as UVIS observations, however, instead of measuring photon counts
directly, VIMS records a data number, DN after the detector dark-current is removed onboard
Cassini. One DN typically represents ~ 300 infrared photon counts (Brown et al. 2004). Since in
occultation mode, the VIMS instrument measures light at λ = 2.92 μm, in a strong water ice
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absorption band, the background signal is nearly zero unless the instrument is pointed in a direction
where significant signal from Saturnshine is incident upon the detector. The background signal, b in
data number is still modeled in the same way as for UVIS observations, and the unocculted star
intensity is calculated by subtracting any nonzero background signal from the average signal
measured outside of the rings and inside the gaps. The DN at each occultation point is summed over
eight spectral channels after subtracting the detector dark current. The one standard deviation in
VIMS DN is √8 and is independent of the mean signal, unlike UVIS. The one-standard deviation
error in transparency binned over n radial bins is
8

𝜎𝑇 = √𝑛𝑁 ,
0

( 2.7 )

where N0 is the mean DN for the unocculted star signal. The upper and lower errors in VIMS normal
optical depth are therefore
𝜏± = 𝜇ln (𝑒

𝜏
− 𝑁
𝜇

± 𝜎𝑇 ).

( 2.8 )

For bright infrared stars, VIMS has a higher signal-to-noise ratio than UVIS, however the tradeoff
is longer integration times which lead to lower radial resolution. Further details on the operation of
the VIMS instrument in occultation mode are given in Brown et al. (2004).

2.2.5 Comparisons of VIMS and UVIS stellar occultations
The optical depth profile calibration outlined above was performed on 163 UVIS
occultations and 58 VIMS occultations. Some of the important details of each of these observations
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are listed in Table 2.1. In the table, stellar occultations are organized by rev number, the orbit around
Saturn beginning with rev 0 at Saturn Orbit Insertion in July of 2004 followed by rev A, rev B, rev
C, and rev 2. From rev 2 on, the rev number increases with each orbit. Rev 1 was split into revs A,
B, and C due to adjustments which had to be made to Cassini’s trajectory and keep in accordance
with previous mission planning. Some occultations cut a chord across the rings. Chord occultations
are split into their respective “ingress” and “egress” sections in Table 2.1. In occultation mode the
VIMS instrument must center the occulted star within a central pixel before the occultation begins.
For this reason, most VIMS occultations are ingress or chord occultations since the region outside
the A ring, the Roche Division, provides a free-space view of the star and affords the time for the
star centering process.
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Table 2.1. UVIS,VIMS, and RSS X-band occultations used in this study.
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† I0 and Background are measured in Hz for UVIS occultations and in DN/s for VIMS occultations.
Occultations where either the background signal or the unocculted star signal is listed as NA were
not used in this study. These occultations did not span the opaque regions of the B ring where the
background count rate is determined, or suffuciently wide gaps where the unocculted star signal
plus the background signal is measured.
Optical depths and background values were not
calculated by this study for RSS X-band occultations.

While the calibration process for both VIMS and UVIS stellar occultations is nearly the
same, VIMS normal optical depths are typically larger than UVIS by a few percent even when the
occultations occur at the same viewing geometry. The reason for this apparent overestimate of optical
depth by VIMS occultations is due to the order of magnitude difference in measured wavelength and
three-order of magnitude difference in FOV size.
Though both VIMS and UVIS have rectangular fields-of-view (FOVs) we use the radius of
a circular field of view as the radius of a circle with the same area as the rectangular FOV:
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𝜃𝑒𝑓𝑓 = √

𝐿×𝑊
𝜋

,

( 2.9 )

where L and W are the angular length and widths of each instruments FOV. If the FOV of each
instrument is filled by ring particles, then those particles with radii smaller than
𝜆

𝑎𝑐𝑟𝑖𝑡 = 1.22 2𝜃𝑒𝑓𝑓

𝑒𝑓𝑓

( 2.10 )

will diffract light of wavelength λeff out of the FOV which will not be replaced light diffracted into
the FOV by neighboring particles. Since VIMS collects 2.9 μm light on a single pixel (0.25  0.5
mrad), acrit ~ 8.9 mm. UVIS collects much shorter wavelength light (0.15 μm) in a much larger FOV
(6.0  6.4 mrad) and thus acrit ~ 25 μm for UVIS. The relative sizes of the VIMS and UVIS FOVs
are shown in Figure 2.5. VIMS typically overstates optical depths by a few percent when compared
to UVIS in regions populated by particles smaller than 8.9 mm. The percent difference between
VIMS and UVIS optical depths depends on the abundance of particles smaller than 8.9 mm.
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Figure 2.5. VIMS and UVIS Fields of View.
The rectangular pixel of angular dimensions 0.25 × 0.5 mrad of the VIMS instrument (red) and the
nearly square UVIS field of view of angular dimensions 6.0 × 6.4 mrad (blue). During stellar
occultations, 2.9 μm light diffracted out of the VIMS pixel is not replaced by light diffracted by
neighboring particles. The much larger field of view and smaller effective wavelength of the UVIS
HSP (0.15 μm) place the entirety of the diffraction cone within the field of view for particles larger
than 25 μm in radius. The background image is the January 3rd, 2008 ingress occultation of the
star Antares (α Scorpii) by the outer A ring (NASA/JPL-Caltech/Space Science Institute) captured
by the narrow-angle camera from an angle of 34º above the ring plane at a distance of 541,000 km.
The relative sizes of the VIMS and UVIS field of view (FOV) are accurate, however the sizes of
the two FOVs are not to scale with the background image at the distance of the spacecraft from
the rings during the time the image was taken.
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2.3 Review of Major Features in Saturn’s Main Rings
from UVIS Stellar Occultations
There is an absence of particles at or below the micron size range throughout Saturn’s main
rings (C, B, Cassini Division, and A) with the exception of the spokes seen elevated above the B ring
in Voyager and Cassini observations and small particles in the vicinity of Lorentz resonances
(D’Aversa et al. 2010, Mitchell et al. 2013). This paucity of extremely small particles (dust) in
Saturn’s main rings is due to the fact that such particles adhere well to the surfaces of larger particles
through strong cohesive forces such as Van der Waals forces. This fine dust is rarely liberated due
to extremely low interparticle collisional velocities throughout most of Saturn’s rings (Mitchell et al.
2006). If these particles are liberated from the surfaces of larger particles by more energetic collisions
for example with interplanetary micrometeoroids, they will accrete onto other large particles on time
scales less than the particles orbital period (~ 10 hrs). Since there are very few particles at or near
the 0.15 μm effective wavelength of the UVIS HSP observations, optical depths derived from UVIS
occultations very nearly match the geometric optical depth of the rings in regions where the rings
are accurately described as a homogenous many-particle-thick cloud of ring particles which are all
much larger than 1μm. The UVIS high-speed photometer (HSP) measures starlight over a
wavelength band from 0.1 – 0.19 μm and therefore effectively measures the geometric optical depth
of the rings. In this section, we highlight the major structures and subdivisions in Saturn’s main
ring system from the perspective of UVIS optical depth profiles after calibration discussed in section
one is applied. We compare optical depths from observations of two stellar occultations: the
occultation of α Arae (rev 32) ingress at a ring plane incidence angle of B = 54º, and the occultation
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of κ Orionis (rev 212) ingress at a ring plane incidence angle of B = 5.2º. The contrast between the
viewing geometries of these two occultations highlights some of the large and small-scale structures
in Saturn’s main rings. We present the occultation normal optical depths binned to 1 km radial
resolution which reduces the signal to noise ratio but still provides a close-up view of much of the
structure throughout Saturn’s main ring system. Throughout most of the B ring and a portion of the
A ring the normal optical depth surpases the maximum measurable optical depth of κ Orionis (rev
212) of τN ~ 0.65 and the plotted optical depths represent only a lower limit.
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2.3.1 The D Ring

Figure 2.6. Saturn’s tenuous D Ring.
The D ring as seen in normal optical depth from the UVIS ingress stellar occultation of α Arae rev
(32) (black) and the ingress occultation of κ Orionis rev (212) (red). The κ Orionis rev (212)
observation ended when the line-of-sight to the star was 70,932.4 km from Saturn’s center and did
not cover the entire D ring. The difference between the tenuous D ring which contains minimal
structure in UVIS observations and the optically thicker C ring, which begins at 74,658 km from
Saturn’s center is clear in both observations.

Figure 2.6 shows UVIS occultations of portions of Saturn’s inner most ring, the D ring, which
is diffuse and primarily composed of small particles, and, like the G and E rings, it is not considered
part of Saturn’s main rings (A, B, C, and the Cassini Division). The D ring was thought to extend
inward to Saturn’s cloud tops, however during its proximal (Grand Finale) orbits, Cassini’s
instruments such as the Radio and Plasma Wave Science (RPWS) instrument detected significantly
fewer particles than even the relatively empty Roche Division outside Saturn’s A ring. The lack of
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dust grains in this region is still a mystery at the time of this writing and the empty space out to where
the D ring becomes more substantial at ~ 69,000 km has informally been nicknamed “the big empty”.
The D ring consists of much smaller particles than the rest of Saturn’s main rings and while the
assumption of few particles on the size scale of the UVIS HSP’s effective wavelength does not hold,
the ring is also very tenuous and few features are visible in UVIS occultations. The upper limit on
optical depths throughout most of the D ring is only ~ 0.01 and at 1 km resolution indistinguishable
free space to UVIS.

2.3.2 The C Ring
The C ring is the first feature outward from Saturn with optical depths large enough to discern
from UVIS occultations. The C ring begins a few hundred kilometers interior to the strong Mimas
4:1 inner Linblad resonance at r ~ 74,658 km from Saturn’s center, where the epicyclic frequency of
ring particles is exactly four times the mean motion of Mimas. It extends outward to the B ring
ending in a gradual “ramp” in optical depth from r ~ 90,500 km to r ~ 92,000 km. In the C ring, there
are many spiral density waves driven by Lindblad resonances with Saturn’s moons and some due to
unknown perturbing potentials (Rosen et al. 1991, Colwell et al. 2009b, Baillie et al. 2011) Some of
these spiral density waves propagate inward toward Saturn suggesting they are driven by outer
Linblad resonances (OLRs). There are no known moons interior to the C ring which suggests that
these are resonances with the non-axisymmetric components of the gravitational potential of Saturn
itself as suggested by Marley and Porco (1993) and studied in further detail by Hedman and
Nicholson (2013).
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The C ring is also dotted by gaps with optical depths less than ~0.01, numerous embedded
ringlets (where the optical depth exterior to the ringlet is greater than 0.1) and “plateaus”. These
ringlets and “plateaus” have optical depths that are about an order of magnitude higher than the
surrounding rings. The C ring “plateaus” are named for their shape in optical depth profiles and not
a physical elevation as the parlance suggests. They are not unlike other embedded ringlets but do
have a distinctive feature: optical depths of most of the C ring plateaus peak at their edges and
approach local minima in their centers when viewed at high ring plane incidence angles. At the time
of this writing, there is no known confining mechanism for the C ring plateaus. The plateaus are
designated “P1” – “P10” and the embedded ringlets “ER” (Colwell et al. 2009).
The central C ring contains a broad region with a scale of several thousand kilometers where
the optical depth undulates in radius by ~ 20% with a length scale of nearly one thousand kilometers.
In this work, we call this region “background” C ring. We divide the C ring into four sections: (i)
the low optical depth inner C ring, (ii) the background C ring which has an undulating optical depth
structure, (iii) the outer C ring which contains numerous optically thick plateaus, and (iv) the C ring
ramp through which the optical depth gradually rises toward the inner edge of the massive and
optically thick B ring. In the following section, we discuss these subsections of the C ring in more
detail as they appear in UVIS optical depths from stellar occultations.
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2.3.2.1 The inner C ring

Figure 2.7. The inner C ring in UVIS optical depths.
The inner C ring as seen in normal optical depth from the UVIS ingress stellar occultation of α
Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). The radial resolution
of both observations is 1 km. Labels indicate the locations of the Mimas 4:1 inner Linblad
resonance as well as several gaps, embedded ringlets, the first three plateau and the Titan ringlet
confined by the apsidal 1:0 resonance with Titan.

What we call the “inner” C ring begins at the C ring inner edge at 74,600 km and extends out
to the notable Colombo gap which contains the eccentric and optically thick Titan ringlet. The inner
C ring (Figure 2.7) contains many embedded ringlets that do not have the characteristic optical depth
spikes at their edges that the plateaus do. Interior to the first plateau P1 is a small unnamed gap, “G1”
(Colwell et al. 2009) followed by a series of five embedded ringlets. Geometric normal optical
depths in the inner C ring between the embedded ringlets and plateaus and outside of the gaps are τ
~ 0.05, low, but distinguishable from free-space by stellar and radio occultations unlike the D ring.
53

The optically thicker ringlets in this region are not surrounded by gaps and are hence designated
embedded ringlets (ERs) and labeled as such in Figure 2.7. The Titan ringlet notably has extremely
sharp edges where the optical depth transitions from τ~0 to τ~1 in several tens meters (Jerousek et
al. 2011). Figure 2.7 shows optical depths measured by the occultation of α Arae rev (rev 32) at B
= 54.4º and by the occultation of κ Orionis (rev 212) at B = 5.2º. At low ring plane incidence angles,
the normal optical depth of the Titan ringlet, calculated from the measured slant-path optical depth
by τN = μτ , is much lower (τN ~ 0.4, κ Orionis (rev 212)) than when measured at higher ring plane
incidence angles (τN ~ 4, α Arae (rev 32)). This suggests that particles are extended vertically over a
wider range than elsewhere in the inner C ring.
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2.3.2.2 The Background C ring

Figure 2.8. The background C ring in UVIS optical depths.
The background C ring as seen in normal optical depth from the UVIS ingress stellar occultation
of α Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). The data have
been binned to 1 km for both observations. Throughout the majority of the background C ring the
optical depth undulates between τ ~ 0.1 and τ ~ 0.2 P4, P5, and P6 label plateaus.

Outward of the Colombo gap and the Titan ringlet, Figure 2.8 shows the background C ring
where the geometric normal optical depth gradually rises to a maximum value of τ ~ 0.15 but also
undulates by ~20% with a characteristic length scale of ~1000 km. Recent Cassini radar studies by
Zhang et al. (2016) have determined that the maximum optical depth location near r ~ 83,000 km in
the background C ring corresponds to the location of the highest level of contaminant, typically
thought to be silicates and tholins or poly-aromatic hydrocarbons (PAH’s) (Cuzzi et al. 2009) Tholins
and PAH’s are ubiquitous in the outer solar system and form due to the interaction of UV sunlight
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with simpe organic molecules or benzene rings respectively. Zhang et al. (2016) find that in the
center of the background C ring the level of contaminant approaches about 10% whereas throughout
the rest of the main rings it is less than about 2% with the remaining 98% composed of crystalline
water ice. The narrow and opaque embedded ringlet ER 10 lies at r ~ 82,000 km and plateaus P4
and P5 which are circular features are centered at r ~ 79,250km and r ~ 85,850km respectively.
About 100 km interior to P5 is a spiral density wave excited by an outer Linblad resonance with the
normal modes of Saturn. Also notable in Figure 2.8 is plateau P5 which shows the characteristic Ushaped optical depth structure in optical depths measured at high ring plane incidence angles, but the
shape is inverted (lower optical depths at the edges) in low incidence angle observations. This again
suggests a larger vertical extent near the plateaus edges than at its interior.
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2.3.2.3 C ring plateaus and the outer C ring

Figure 2.9. The outer C ring in UVIS optical depths.
The outer C ring as seen in normal optical depth from the UVIS ingress stellar occultation of α
Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red).

The outer C ring from P6 outward to the beginning of the C ring ramp (Figure 2.9) contains
the remaining six plateaus with lower optical depth regions between them. The lower optical depth
regions between the plateaus are comparable to the background C ring and appear to show some of
the undulating pattern seen in the background C ring. There are six more embedded ringlets in this
region that do not show the characteristic peaks in optical depth at the edges. The confining
mechanism for the C ring plateaus has not yet been discovered at the time of this writing, and their
edges are not coincident with any strong moon-triggered resonances. Further, studies of spiral
density wave dispersion by Hedman and Nicholson (2013), Tiscareno et al. (2006, 2007), and Baille
57

et al (2011) have determined that the surface mass densities within the plateaus and in the
background C ring are comparable. Since the order of magnitude increase in optical depth is not due
to an increase in surface mass density, other factors such as significant changes in particle size or
porosity must be at work. Like P5, many of the C ring plateaus have higher normal optical depths at
their edges only when measured at B ≳ 10º indicating an increase in the rings’s vertical extent in the
vicinity of their edges. This region also contains three named gaps: the Maxwell gap, the Bond gap,
and the noncircular Dawes gap as well as the opaque eccentric Maxwell ringlet in the Maxwell gap.
Figure 2.9 shows the Maxwell ringlet having azimuthally variable location, with, and structure. The
inner edge of the Dawes gap has large azimuthal fluctuations in optical depth and is coincident with
the Mimas 3:1 ILR. These gaps in the outer C ring provide measurements of the unocculted star
signal, I0 which was used in the calibration of normal optical depths throughout the rest of the C ring
and inner B ring as outlined in section 2.2.2.
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2.3.2.4 The C ring ramp

Figure 2.10. The C ring ramp in UVIS optical depths.
The C ring ramp as seen in normal optical depth from the UVIS ingress stellar occultation of α
Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red).

From the inner edge of the C ring ramp exterior to P10 at r ~ 90,620 km out to the inner edge
of Saturn’s massive and opaque B ring, the optical depth first gradually increases roughly linearly
with distance from Saturn, and then for the outermost several hundred kilometers increases more
rapidly but with a “step” in the trend (Figure 2.10). This “step”, shown in Figure 2.10 has been
shown by Estrada et al. (2015) to be indicative of ballistic transport: small particles from Saturn’s
massive B ring enter the C ring ramp on ballistic trajectories due to collisions between them and with
micrometeoroids that continually bombard the rings. A similar morphology is seen at the inner edge
of the A ring.
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2.3.3 The B Ring
The B ring begins at a ring plane radius of r ~ 91,960 km from Saturn’s center and extends
outward to the Cassini Division at r ~ 117,580 km. It is typically divided into five subsections
designated B1 – B5 based on optical depth structure. The B ring contains the majority of the mass
of Saturn’s rings and is entirely opaque in some regions. The opacity of the B ring makes it difficult
to study by stellar occultations. The surface mass density of the B ring has been historically hard to
measure from spiral density wave dispersion since the wave features are not easily seen in stellar
occultations. Hedman and Nicholson (2016) combined multiple occultation profiles by matching
pattern speeds to enhance the signal to noise ratio at several locations. Using the dispersion relation
of Lin and Shu (1964), they determined surface mass densities at several locations across the B ring.
They estimated that the B ring contains between one third and two thirds the mass of Saturn’s small
moon, Mimas. While much of the B ring is opaque to all but the brightest UV starlight measured
from high B angles, there are several sections of B1 which are characterized by A ring-like optical
depths designated “the flat spot” and “the small flat spot”. Similar to the central A ring, these regions
are dominated by elongated particle aggregates with a length of a few kilometers and a Toomre
critical wavelength (wake + gap) of <100 m (Colwell et al. 2007, Hedman et al. 2007, Jerousek et
al. 2016) called self-gravity wakes.
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2.3.3.1 B1
B1

Figure 2.11. The inner B ring (B1) in UVIS optical depths.
The B1 region as seen in normal optical depth from the UVIS ingress stellar occultation of α Arae
(rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). Throughout most of B1,
optical depths measured by κ Orionis rev (212) are equal to their maximum measurable value of
τN ~ 0.65. In regions where optical depths measured by the κ Orionis (rev 212) occultation fall
below 0.65 the normal optical depth measured by the κ Orionis (rev 212) occultation is
systematically less than the normal optical depth measured by the α Arae (rev 32) occultation due
to the monolayer nature of the largest particles such than τN = μτ breaks down.

Figure 2.11 shows UVIS occultations of the innermost portion of the B ring, designated
“B1”. Outside of the “flat spot” and the “small flat spot” optical depths vary significantly with radius
between τN ~ 0.7 and τN ~ 3.0 for occultations at ring plane incidence angles of B ~ 54º as shown in
figure 11. Measured normal optical depths increase with increasing B angle in the B ring due to the
presence of self-gravity wakes.
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Another notable feature in B1 is the most prominent spiral density wave in Saturn’s ring
system. The wave is launched by the strong Janus/Epimetheus 2:1 inner Linblad resonance which
propagates for about 700 km from the resonance location and across significant changes in
background optical depth. Immediately outward from the Janus/Epimetheus 2:1 ILR, the longitude
of periapse for ring particles decreases with distance from Saturn in a frame of reference corotating
with Mimas. The ring particles’ streamlines in this frame experience alternating regions of crowding
and rarefaction which form a two-armed spiral. The spiral pattern remains fixed in a reference frame
corotating with the coorbital moons Janus and Epimetheus. This phenomenon exhibits itself as spiral
density waves which are ubiquitous in Saturn’s rings. Spiral density waves are exterior to the
numerous strong moon-triggered resonance locations in Saturn’s rings since the moons, with the
exception of Pan and Daphnis, orbit exterior to the rings. Spiral density wave theory was outlined as
it applied to galactic disks by Lin and Shu (1964) and then detailed within planetary rings by
Goldreich and Tremaine (1982) and Shu et al. (1985). Spiral density waves can only exist between
inner and outer Linblad resonances (where the resonant argument is between the epicyclic frequency
of the particles motion and the mean motion of the perturber) and always propagate toward the
corotation radius of the perturbing potential. Thus, the Janus/Epimetheus 2:1 ILR spiral density
wave propagates outward toward the two moons.
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2.3.3.2 B2 and B3
B2 – B3

Figure 2.12. B2 and B3 from UVIS optical depths in UVIS optical depths.
The B2 and B3 regions as seen in normal optical depth from the UVIS ingress stellar occultation
of α Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). The κ Orionis
(rev 212) occultation reached its maximum detectable optical depth throughout most of the B ring,
thus the optical depth profile shown is merely the maximum measurable normal optical depth of
0.65 and therefore it is a lower limit.

B2 and B3 (Figure 2.12) contain the most opaque regions of Saturn’s rings. In many locations
in B2 and B3 the signal measured by UVIS is indistinguishable from the background. That is, the
photon count rate is less than or equal to 1 standard deviation from zero after removing the
background photon counts from interplanetary Lyman-α emission and ring/Saturnshine. B2 begins
at r ~ 99,000 km and contains structures with radial scales of ~100 km and normal optical depths of
τ ~ 2 and τ > 5 in an irregularly alternating fashion. B2 continues outward to r ~ 104,500 km where
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the abundance and width of regions where any appreciable starlight is visible through the rings
abruptly diminishes. In this region, B3, there are only a handful of ~ 10km-wide sections where
starlight passes through the ring. The opaque regions of B2 and B3 allow us to accurately measure
the photon count rates, b from non-stellar (background) sources. B3 continues out to r ~ 110,000
km where the normal optical depth drops below 4 as shown in Figure 2.13.

2.3.3.3 B4
B4

Figure 2.13. The B4 region in UVIS optical depths.
The B4 region as seen in normal optical depth from the UVIS ingress stellar occultation of α Arae
(rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). The κ Orionis (rev 212)
occultation reached its maximum detectable optical depth of 0.65 throughout most of the B ring,
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thus the optical depth profile shown is merely the maximum measurable normal optical depth and
therefore it is a lower limit.

While B4 (Figure 2.13) is still very opaque (line-of-sight optical depths of ~ 3 correspond to
less than 5% transmission) detectable photon count rates are provided by bright stars with incidence
angles above B ~ 20º. The optical depth in the B4 region undulates in an irregular fashion but peaks
at its interior (B3) and exterior, the last ~ 500 km heading into B5.
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2.3.3.4 B5
B5

Figure 2.14. The outer B ring (B5) in UVIS optical depths.
The B5 region as seen in normal optical depth from the UVIS ingress stellar occultation of α Arae
(rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). The azimuthal variation
in the radial location of the B ring outer edge of ~ 160 km can be seen in the difference in its
location between the two occultations. The κ Orionis (rev 212) occultation reached its maximum
detectable optical depth of 0.65 throughout most of the B ring, thus the optical depth profile shown
is merely the maximum measurable normal optical depth and therefore it is a lower limit.

The outermost 1000 km of the B ring, shown in Figure 2.14, is characterized by an abrupt
drop in optical depth from B4, where the median optical depth is greater than 3, to ~ 1.3 and a further
drop to less than 1.0 at r ~ 117,200 km. The outer edge of the B ring is controlled by the strong
Mimas 2:1 ILR at 117,555 km. Thus, the B ring outer edge is described by a two-lobed pattern
which corotates with Mimas and the radial location of the edge varies azimuthally by ~ 160 km
(Spitale and Porco, 2010).
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2.3.4 The Cassini Division

Figure 2.15. The inner Cassini Division in UVIS optical depths.
The figure shows the numerous gaps and ringlets that make up the Cassini Division from optical
depth profiles measured by the UVIS ingress stellar occultation of α Arae (rev 32) (black) and the
ingress occultation of κ Orionis (rev 212) (red). Optical depths measured by these two occultations
are identical except for in the eccentric Huygens ringlet, ringlet R10, and within the triple band
feature.

Beginning at the B ring outer edge with a mean radius of 117,580 km from Saturn’s center,
the Cassini Division is similar in appearance and composition to the lower optical depth C ring with
9 narrow ringlets and many gaps with a variety of gap widths (Figure 2.15). The Cassini Division
begins with the Huygens gap which is several hundred kilometers wider than any other gap in
Saturn’s main ring system, and contains the eccentric, optically thick Huygens ringlet which also
varies in its width. The Huygens ringlet, like the Titan ringlet in the C ring, has extremely sharp
edges where the optical depth increases from 0 to ≳ 1 in less than several tens of meters (Jerousek
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et al. 2011). The Cassini Division also contains several gaps with eccentric inner edges that appear
to coincide with various resonances with the libration rate of material located at the B ring outer edge
(Hedman et al. 2010). Additionally, several of the circular gap edges coincide with the location of
known resonances with moons. Between the gaps, average normal optical depths are τN~ 0.1
regardless of viewing geometry, indicating an absence of self-gravity wakes. The exceptions are R10
and the triple band feature. In the triple band feature, normal optical depths increase monotonically
with B angle in a fashion similar to those measured in the A and B rings suggesting the presence of
self-gravity wakes.
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2.3.4.1 The Cassini Division ramp

Figure 2.16. The Cassini Division Ramp in UVIS optical depths.
The Cassini Division Ramp as seen in normal optical depth from the UVIS ingress stellar
occultation of α Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red).

Much like the C Ring ramp, the Cassini Division ramp (Figure 2.16) is characterized by a
linear increase in optical depth with radius up to an abrupt jump in optical depth at the A ring edge.
It is likely that ballistic transport due to micrometeroid bombardment in the A ring maintains the
sharpness of this abrupt jump similar to the inner edge of the B ring (Cuzzi and Estrada 2008). The
Iapetus -1:0 nodal bending wave begins at ~ 120,900 km where the motion of the ring particles orbit
plane (the nodal precession rate) matches the mean motion of Iapetus, and propagates through the
Cassini Division ramp and the inner A ring (Tiscareno et al. 2013).
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2.3.5 The A Ring
The A ring is structurally less diverse than some of the other ring regions with the exception
of the inner A ring, which is similar to B1 in optical depth profiles, and a handful of strong resonances
which drive spiral density and bending waves. Optical depths are intermediate between the C Ring
and B3. Self-gravity wakes pervade the A ring. The width of these self-gravity wakes is between
10 – 100 m, and therefore they can only be observed in extremely high radial resolution optical depth
profiles. Low radial resolution optical depths in the A ring show a bimodal distribution due to the
collective effect of self-gravity wakes. The A ring also contains several satellite resonances
surrounded by bright “halos” where the spectral and photometric properties differ from the rest of
the A ring. Halos extend outward from theses resonances for several hundred kilometers. These halos
were first seen in images during Saturn Orbit Insertion (SOI) in 2004, but can also be seen in UVIS
I/F (Bradley et al. 2013) and in VIMS and UVIS occultation optical depths measured at low B angles.
It has been suggested by Esposito et al. (2012) that the massive particle aggregates that form in the
strong density waves increase the velocity dispersion of small particles in their vicinity. The large
out-of-plane velocities of these smaller particles could at least in part explain the bright halos around
the strong A ring resonance locations. The A ring contains the only two embedded moons greater
than ~ 1 km in radius, Pan (in the Encke gap with a radius of ~ 14 km) and Daphnis (in the Keeler
gap with a radius of ~ 4 km). These moons stir the ring particles near the gap edges through satellitedriven wakes. Many small moonlets with radii < 1km have been observed in the outer A ring through
their effect on the surrounding ring material (Tiscareno et al. 2008). These small moonlets open
propeller-shaped gaps which extend for many hundreds of kilometers in azimuth with the ring matter
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perturbed on the moonlets’ leading side interior to the moonlets orbit and on the trailing side exterior
to the moonlets orbit due to the moonlets’ gravitational effects on the ring matter and the Keplerian
velocity gradient due to Saturn.

2.3.5.1 The Inner A Ring

Figure 2.17. The Inner A ring in UVIS optical depths.
The inner A ring as seen in normal optical depth from the UVIS ingress stellar occultation of α
Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). Optical depths
measured by the κ Orionis (rev 212) occultation approach their maximum measurable value in
many location in the inner A ring. A data drop out occurred in the κ Orionis rev (212) occultation
and thus no optical depth data exists at radial locations between r ~ 126,220 km and r ~ 126,350
km. Where τΝ measured by κ Orionis (rev 212) is not equal to τmax, it is systematically lower than
τΝ measured by α Arae (rev 32), characteristic of the presence of self-gravity wakes.

Inner A ring normal optical depths measured at B ~ 54º range from about 0.5 – 2.5, similar
to the B1 region. Figure 2.17 shows that near the A ring inner edge and from r ~123,500 km –
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123,700 km optical depth oscillates wildly by a factor of ~2. These fluctuations in normal optical
depth between r ~ 122,300 km and r ~ 124,000 km do not coincide with strong resonances. The
inner A ring contains several strong spiral density waves excited by the Pandora 5:4 and Prometheus
6:5 ILRs. Like the Janus/Epimetheus 2:1 spiral density wave in B1, these waves travel across
significant variations in background optical depth. The first notable A ring spiral density wave in a
region where the background optical depth is not varying significantly is excited at the
Janus/Epimetheus 4:3 ILR and followed by several spiral density waves launched from other
resonances with the shepherd moons, Prometheus and Pandora.
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2.3.5.2 The Central A Ring

Figure 2.18. The central A ring in UVIS optical depths.
The central A ring as seen in normal optical depth from the UVIS ingress stellar occultation of α
Arae rev (32) (black) and the ingress occultation of κ Orionis rev (212) (red).

Self-gravity wakes in the central A ring explain the well-known quadrant asymmetry in
reflectance which can be seen in Earth-based observations and also by the variation in normal optical
depth with B angle. Normal optical depth is corrected for the length of the path through the rings
the factor μ = sin|B|, but the alternating opaque and transparent regions presented by self-gravity
wakes give optical depths which depend on both B and  (defined in section 2.2.1). The central A
ring contains the “halos” which extend outward for several hundred kilometers from the strongest
resonances with Mimas and the coorbital moons Janus/Epimetheus. The 2:1 vertical inclination
resonance (VIR) with Mimas at r ~ 131,700 km triggers a spiral bending wave where the rings are
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corrugated above and below the ring plane by ~100 m, small compared to the wavelength close to
the VIR. Bending waves propagate away from the perturbing potential. In this case, away from the
moon Mimas and toward Saturn. This bending wave presents significant variation in optical depth
for low incidence angles scans where the line-of-sight is nearly in the radial direction. These
occultations sample a variety of path lengths through the vertically undulating ring and the wave
feature is visible in the optical depth profile as shown in the κ Orionis (rev 212) profile shown in
Figure 2.18. For scans where the line-of-sight lies in the azimuthal direction or at high ring plane
incidence angles, the wave feature is not visible in the optical depth profile. Curiously, these profiles
show a “hump” in the optical depth which can be seen in the α Arae (rev 32) profile also shown in
Figure 2.18. It is possible that the optical depth hump in the bending wave as well as the “halos”
around the other strong moon-triggered resonances are caused by the disaggregation of particle
clumps and subsequent diffusion of small particles out of that region of the rings (Esposito et al.
2012, Sega et al. 2016).
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2.3.5.3 The Trans-Encke Region

Figure 2.19. The trans-Encke region in UVIS optical depths.
The trans-Encke region as seen in normal optical depth from the UVIS ingress stellar occultation
of α Arae (rev 32) (black) and the ingress occultation of κ Orionis (rev 212) (red). The trans-Encke
region contains many spiral density waves excited by ILRs with the shepherd moons Prometheus
and Pandora as well as Atlas.

The trans-Encke region (Figure 2.19) begins at the outer edge of the Encke Gap which
contains and is held open by the small moon Pan. Occultation profiles that occur at longitudes within
a few tens of degrees behind Pan (for the gap outer edge) show significant distortions due to Pan’s
satellite wakes which lead the small moon at the gap’s inner edge and lag behind the moon at the
gap’s outer edge. Between the Encke gap and the A ring outer are a myriad moon-triggered spiral
density waves the strongest of which is the Janus/Epimetheus 6:5 ILR. At r ~ 136,500 km the smaller
Keeler gap which contains the small moon Daphnis also exhibits significant variation due to satellite
75

wakes at its inner and outer edges. The region between the 30 km wide Keeler gap and the A ring
outer edge is often referred to as the trans-Keeler region and has slightly higher optical depths than
the rest of the trans-Encke region, but shows a similar surface mass density from spiral density wave
dispersion (Tiscareno 2006, 2007). This suggests smaller particle sizes than the rest of the A ring.
The A ring outer edge is confined by a set of several moon-triggered resonances which prevent the
ring from diffusing outward but limit the transfer of angular momentum to any one of the moons.
The strongest resonance contributing to the confinement of the A ring outer edge is the
Janus/Epimetheus 7:6 ILR but resonances with Atlas, Prometheus, and Pandora also play a role.
(Tajeddine et al. 2017)
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2.3.6 The Roche Division and F Ring

Figure 2.20. The Roche Division and F ring in UVIS optical depths.
The Roche Division and F ring as seen in normal optical depth from the UVIS ingress stellar
occultation of α Arae (rev 33) (black) and the ingress occultation of κ Orionis (rev 212) (red). The
observation of α Arae (rev 32) began when the line-of-sight to the star was 139,782 km from
Saturn’s center and therefore the occultation of F ring by the star was not measured. We chose to
replace that observation with α Arae (rev 33) which did measure the occultation of the star by the
F ring.

The Roche Division is the official designation of the region from the A ring outer edge out
to the F ring. This is not to be confused with the well-known Roche limit (the orbital distance at
which a strengthless body is torn apart by tidal forces), but the Roche limit of Saturn does reside in
the Roche Division. The region also contains many dust grains, organized into broad and corrugated
tenuous rings which have only been seen by forward scattered light at extremely high phase angles
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during Cassini’s proximal orbits. (Hedman et al. 2017a). The small moons Atlas and Prometheus
also orbit within the Roche Division.
The outer limit of the Roche Division is the narrow but chaotic F ring which is confined by
a myriad of closely spaced resonances with the moon Pandora (Cuzzi et al. 2014) which orbits just
outside the F ring. The F ring (Figure 2.20), is made up of several strands and has a variable width
ranging from ~ 10 – 50 km however the optically thick core of the F ring has a width of only ~ 1 km
and is only directly detected by RSS occultations. Dust associated with the F ring extends for several
hundred km from the core (Sfair et al. 2009). VIMS and UVIS occultations detect the numerous
small particles that surround the core and make up the broader F ring. The high eccentricity of
Prometheus causes the moon to interact with the F ring at its apoapse, allowing it to “pull” streamers
of small particles away from the F ring each orbit leaving behind “channels” in the F ring (Murray
et al. 2005) This effect is enhanced every 17 years when Prometheus’ apoapse aligns with the F
ring’s periapse. Esposito et al. (2012) also identified a number of large particle aggregates or
moonlets informally referred to as “kittens” which orbit through the F ring core, further disrupting
the narrow ring.
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CHAPTER 3: PARTICLE SIZE DISTRIBUTION PARAMETERS
FROM DIFFERENTIAL OPTICAL DEPTHS

3.1 Pre-Cassini Particle Size Distribution Studies
The Voyager Radio Science System sent coherent beams through Saturn’s rings at both Sband (λ = 13.0 cm) and X-band (λ = 3.6 cm) wavelengths back to Earth. The optical depths at these
two wavelengths together with the direct inversion of the forward scattered S-band signal provided
an enormous amount of information about sizes of particles in the rings. With the assumption that
the differential number density of ring particles per square meter of the rings was given by a simple
power-law of index, q, Marouf et al. (1983) and Zebker et al. (1985) were able to derive an upper
cutoff on particle size, amax, from the direct inversion of the forward scattered S-band signal, for
which diffraction effects are predominately due to the largest particles. In the C ring and Cassini
division they found upper limits on the sizes of individual ring particles on the order of 2 – 5 m and
in the A ring they found upper limits between 8 – 11 m, however no modeling of the ephemeral
elongated particle aggregates known as self-gravity wakes which are now known to dominate the A
and B rings was done in their studies. Self-gravity wakes have a typical wavelength scale on the
order of several tens of meters and have a significant effect on the measured optical depth which
depends on the viewing geometry of the observation.
With only two wavelengths available, Marouf et al. (1983) and Zebker et al. (1985) had to
assume a minimum particle cutoff radius in order to constrain the remaining size distribution
parameters. They assumed an amin of 1 mm which was well within the Rayleigh regime for both X
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band (λ = 3.6 cm) and S band (λ = 13 cm) radio wavelengths. Knowing that there was a mismatch
between the size distribution determined solely from the inverted S-band signal and for particles
larger than 1 m and a variety of possible particle size distributions for particles smaller than 1 m and
which could be fit from the differential XS optical depth, Zebker et al. (1985) decided to introduce
a new free integer parameter, N which accounted for multiple scattering within a thin ring which is
a finite number (N) particle layers thick. They found that a single reciprocal power-law number
density accurately reproduced both S and X band optical depths with a ring composed of one to
several thin layers and a power-law index of q between 2.9 and 3.11 throughout Saturn’s main rings.
The Voyager stellar occultation of δ Scorpii provided an independent measure of the sizes of
the largest particles in the rings. Showalter and Nicholson (1990) analyzed the variance in this single
Voyager PPS (Photopolarimeter Subsystem) occultation. Variance in excess of the normal Poisson
counting statistics can be related to the sizes of the ring particle shadows of the incident starlight.
They found that the C ring and Cassini Division have fewer particles of greater radius than 2.0 m
compared to the A ring and B ring, although they indicate the possibility that particle aggregation in
the A and B rings could play a significant role in their determination.
Earth-based observations have also used the forward-scattered stellar flux to constrain the
parameters in the particle size distribution of Saturn’s rings. In 1989 near-infrared observations
conducted at Palomar, McDonald, and Lick observatories of the occultation of 28 Sagitarrii by
Saturn’s rings allowed French and Nicholson (2000) to determine a steep power-law slope of q ~ 3.1
throughout the rings except in the inner A ring and B ring where they found q ~ 2.75, again using
the inversion of the forward scattered stellar flux. French and Nicholson (2000) also determined a
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minimum particle radius of ~ 1 cm in the C ring and a minimum particle size that decreases from
about 30 cm in the inner A ring toward the A ring outer edge, however these models also did not
take into account the presence of self-gravity wakes.
In this chapter, we constrain the parameters of a simple power-law size distribution using
optical depth profiles at five wavelengths: UVIS (λ = 0.15μm), VIMS (λ = 2.9μm), and RSS X-band
(λ = 3.6 cm), S-band (λ = 13.0 cm), and Ka-band (λ = 0.94 cm) and at similar viewing geometries in
the C ring and using three wavelengths: UVIS (λ = 0.15μm), VIMS (λ = 2.9μm), and RSS X-band
(λ = 3.6 cm) in the Cassini Division. We will compare results from this simple model, which assumes
a homogeneous many-particle-thick ring, to the N-thin-layers model of Zebker et al. (1985), and to
a piecewise continuous “broken” power-law in low optical depth regions of Saturn’s rings where
self-gravity wakes are unlikely to form, namely the C ring and Cassini Division.

3.2 Models of the Ring Plane and Diffraction
While Cassini was never close enough to Saturn’s rings to resolve individual ring particles,
measurements of the ring’s optical depth at multiple wavelengths allow us to probe the distribution
of particle sizes throughout the ring system. The common assumption is that particle radii roughly
follow a truncated inverse power-law size distribution between some upper cutoff radius, amax, and
a lower cutoff radius, amin beyond which the number of particles does not significantly contribute to
the measured optical depth at any wavelength. Thus, the differential size distribution gives the
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number of particles, n(a) of radius a within the interval [a, a + da] which could be counted in one
square meter of rings and along a line-of-sight path perpendicular to the plane of the rings.
𝑎 −𝑞

𝑛(𝑎) = 𝑛0 (𝑎 )
0

, 𝑎𝑚𝑖𝑛 ≤ 𝑎 ≤ 𝑎𝑚𝑎𝑥

( 3.1 )

where n0 is the number of particles of reference radius, a0 per square meter of the rings, per
meter interval over the particle radius, a, and q is the power-law index. The number of particles of
radius less than amin or of radius greater than amax is zero. We chose our reference particle radius a0
= 10 cm such that n0 represents the number of roughly grapefruit to 1-meter sized particles one would
catch in a one square-meter net taken on a trajectory vertically through the rings.
If particles are homogenously distributed throughout a region upon which electromagnetic
plane waves are incident, and if the rings are accurately described as a many-particle-thick “cloud”
of particles, the optical depth is that due to primarily single-particle scattering of the incident
radiation and is given by the integral over the cross-sectional areas of the particles weighted by their
electromagnetic extinction efficiencies Qext(a,λ):
𝑎

𝜏 = ∫𝑎 𝑚𝑎𝑥 𝑄𝑒𝑥𝑡 (𝑎, 𝜆) 𝜋𝑎2 𝑛(𝑎)𝑑𝑎.
𝑚𝑖𝑛

( 3.2 )

The calculation of the extinction efficiency is outlined in the next section. To summarize, it
is found by determining the solutions to the scattering of the electromagnetic plane waves that satisfy
von Neumann boundary conditions between the inside and outside of dielectric spherical particulate
scatterers outlined by Gustav Mie (1908). Saturn’s rings particles are assumed to be non-absorbing,
nearly spherical particles, neither of which are likely true however for the wavelengths and ringspacecraft distances involved, these assumptions yield accurate results for Qext(a,λ).
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The first attempt to accurately constrain the parameters of this size distribution using
differential optical depth measurements began with the Voyager 1 and 2 flybys of Saturn in 1980
and 1981. Using X-band (λ = 3.6 cm) and S-band (λ = 13.0 cm) radio signals transmitted through
Saturn’s rings to receivers on Earth, Tyler et al. (1983) used the differential S-X optical depth as well
as the inverted forward-scattered signal to constrain the power-law parameters at several radial
distances from Saturn, assuming a cloud of ring particles homogeneously distributed throughout the
rings and only τ < 1 such that single scattering generally dominates. With these assumptions, the
differential normal optical depth between two wavelengths, λ1 and λ2 due to a many-particle-thick
ring is given by
𝑎

Δ𝜏 = ∫𝑎 𝑚𝑎𝑥 Δ𝑄𝑒𝑥𝑡 (𝑎, 𝜆1 , 𝜆2 )𝜋𝑎2 𝑛(𝑎)𝑑𝑎,
𝑚𝑖𝑛

( 3.3 )

where ΔQext is Qext(a,λ1) - Qext(a,λ2). The size distribution parameters of equation (3.1) can
be constrained using equation (3.3) and multiple differential optical depth measurements.
In the case that the wavelengths are small compared to the sizes of the particles, Cuzzi et al.
(2009) summarize the work of Marouf et al. (1983) deriving the near-forward signal relative to the
“free space” power per unit area after a single particle scattering as:
𝜏

𝐼1
𝐼0

−
𝑒 𝜇0

∞ 2𝐽1 (𝑘𝑎 sin 𝜃) 2

= 4𝜋𝜇 ∫𝑎 [
0

𝑐

sin 𝜃

] 𝜋𝑎2 𝑛(𝑎)𝑑𝑎,

( 3.4 )

where k is the magnitude of the wavenumber (2π/λ), μ0 is the incidence angle of the incoming
plane wave, and J1 is the first-order Bessel function of the first-kind. The lower-bound on the radii
of particles effectively contributing to the scattered signal is ac and (kac>>1). If optical depths are of
order unity, it is not appropriate to assume single scattering, however the likelihood of a photon
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emerging in the direction of the detector decreases rapidly with the number of times, n the photon is
scattered by intervening ring particles. If multiple scattering between the ring particles occurs, the
single scattered component can be found by deconvolving the multiply scattered signal, given in
terms of the particle phase function, Φ(θ) and the single scattering albedo, 0 by:
𝐼𝑠
𝐼0

= ∑∞
𝑛=1

𝐼𝑛 (𝜃,𝜆)
𝐼0

1

𝜏

𝑛

= ∑∞
𝑛=1 [𝑛! (𝜇 ) 𝑒

−

0

𝜏
𝜇0

][

𝜛0 Φ(𝜃) ∗𝑛
4𝜋

] ,

( 3.5 )

given by Cuzzi et al. (2009), and where the symbol ‘*n’ denotes convolution of the term with
itself n times. In the low normal optical depth limit, single scattering (n = 1) contributes the most to
the near-forward scattered signal and equation (3.5) becomes
𝜏

𝐼𝑠
𝐼0

≈

−
𝜏𝑒 𝜇0

4𝜋𝜇0

𝜛0 Φ(𝜃)

( 3.6 )

Thus, 0Φ(θ) is defined in terms of the size distribution n(a) by
2

𝜛0 Φ(𝜃) ≈

∞ 2𝐽 (𝑘𝑎 sin 𝜃)
] 𝜋𝑎2 𝑛(𝑎)𝑑𝑎
∫𝑎 [ 1 sin 𝜃
𝑐
∞
∫0 𝑄𝑒𝑥𝑡 (𝑎,𝜆)𝜋𝑎2 𝑛(𝑎)𝑑𝑎

( 3.7 )

when single particle scattering dominates. Interpreting the terms in the infinite series of
equation (3.5) as a sum of probabilistic events, the n-th order scattering is Poisson distributed in
normal optical depth (τ/μ0) with the probability of scattering given by 0 with the scattered energy
emerging in the direction θ with probability density Φ(θ)/4π. Though multiple scattering includes an
infinite number of interactions, the probability that energy emerges in the direction of the detector
decreases rapidly with n > τ/μ0. Incorporating multiple scattering in regions where optical depths are
not small, Zebker et al. (1985) expanded on the results of Tyler et al. (1983) and Marouf et al. (1983)
using the same Voyager X-band and S-band radio occultation data. Lane et al. (1982) put constraints
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of rings thickness of < ~100 m using Voyager PPS occultation data. Motivated by these results,
Zebker et al. (1985) assumed the rings were not a many-particle thick cloud but instead better
represented as a number (N) of thin parallel particle monolayers, between which multiple scattering
of light occurs. We refer to the model of Zebker et al. (1985) as the N thin-layers model throughout
the body of this work. Figure 3.1, taken from Zebker et al. (1985) shows a simple sketch of multiple
scattering between N thin layers.

Figure 3.1. The N thin-layers model.
From Zebker et al. (1985). Light incident upon the first layer which is not blocked by a particle’s
cross-sectional area may be reflected multiple times between non-absorbing particles in other
layers.

If the number of scattering events is limited by the small vertical extent of the ring, the
Poisson distribution can be replaced with a binomial distribution over parameter, p representing the
probability of a single interaction between the incident radiation and a ring particle. Equation (3.5)
becomes
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𝐼𝑠
𝐼0

𝑁 𝑛
𝑁−𝑛
= ∑𝑁
][
𝑛=1[( 𝑛 )𝑝 (1 − 𝑝)

𝜛0 Φ(𝜃) ∗𝑛
4𝜋

]

( 3.8 )

The probability of the incident light emerging with no interactions is (1 - p)N ~ exp(-τ/μ0).
Hence, p must be

𝑝 = (1 − 𝑒

−

𝜏
𝜇0 𝑁

),

( 3.9 )

and the optical depth after N interactions is
∞
∫0 𝑄𝑒𝑥𝑡 (𝑎, 𝜆) 𝜋𝑎2 𝑛(𝑎)𝑑𝑎].
𝑁
0

1

𝜏(𝜆) = −2𝜇0 𝑁 ln [1 − 2𝜇

( 3.10 )

Zebker et al. (1985) were motivated to implement the N thin-layers model because of the
discontinuity between the suprameter (a ≥ 1m) size distribution, determined from the direct inversion
of the forward scattered S-band signal, and the submeter (a < 1m) size distribution determined from
the differential X-S band optical depths at the 1-m boundary. Here, we have adopted the terminology
of Marouf et al. (1983) and Zebker et al. (1985) where suprameter size distribution refers to the
differential number density of particles versus radius with radius, a, greater than 1 m and submeter
size distribution refers to the differential number density of particles versus radius with radius, a,
less than one meter. We adopt this terminology from Zebker et al. (1985). Zebker et al. (1985)
justified the introduction of the new free parameter, N, the number of thin particle monolayers to
match suprameter and submeter size distributions at their boundaries. Marouf et al. (1983) and
Zebker et al. (1985) both assumed a minimum particle size of 1mm, well within the Rayleigh regime

86

for both S and X band signals, thus amin was not a free parameter in their models. Zebker et al. (1985)
determined N of 1 to several through much of Saturn’s main rings.

3.3 A Many-particle Thick, Low Optical Depth Ring
We begin by attempting to fit measured normal optical depths at five wavelengths to equation
(3.2) over a range of the 4 simple power-law size distribution parameters, n0, amin, amax, and q. In this
case, only single scattering is taken in to account by the extinction efficiencies, Qext(a,λ) of the
spherical particles at each wavelength. This assumption is appropriate for optical depths τ<<1
(background C ring and Cassini Division). In regions where optical depths are larger (of order unity),
the filling factor of ring particles is high and the likelihood of multiple scattering is increased,
especially if the particles are arranged in a near monolayer. Further, in regions where the optical
depth is of order unity, the surface mass density may indeed be large enough to allow temporary
elongated particle aggregates such as self-gravity wakes to form. Self-gravity wakes will be
discussed further in chapter 4 but in general, they introduce viewing geometry dependencies on
measured normal optical depths which could introduce systematic errors to our model determined
size distribution parameters.
Since the determination of the particle size parameters using this simple model is limited to
regions of the rings where particle aggregates do not impose a viewing geometry dependence on the
normal optical depths at each wavelength and where diffraction from edges of opaque particle
aggregates is not significant we limit this simple model to the C ring and Cassini Division where
surface mass densities limit the most unstable wavelength for gravitational collapse (the Toomre
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critical wavelength) to roughly the size of the largest ring particles. A more robust model, outlined
in chapter 4 and taking the viewing geometry dependence imposed by particles aggregates into
account will be applied to constrain the particle size distribution in the A and B rings, due to the
presence of self-gravity wakes, and in the triple band feature of the Cassini Division and the C ring
plateaus where aligned straw-like texture is seen in Cassini images tracking the orbital motion of the
ring particles.

3.3.1 Comparing UVIS and VIMS Observations
Assuming a many-particle-thick ring of low optical depth and if particles sizes follow a
simple power-law differential size distribution of n(a), the optical depth measured along a path
through the rings perpendicular to the ring plane is given by equation (3.2). Qext is the
electromagnetic extinction efficiency of a particle of radius, a at wavelength λ. For the UVIS HSP
the critical particle size at which light diffracted out of the field of view is not replaced by
neighboring particles is given by equation (2.10), acrit ~ 25 μm. Particles this size adhere to the
surfaces of larger particles and the low collisional velocities (~ 1cm/s) in Saturn’s rings liberates few
micron sizes particles. If the fraction of 25 μm particles contributes little to the optical depth, the
extinction efficiency at the effective wavelength of the UVIS HSP is unity over the entire size
distribution and the optical depth measured by UVIS is just the geometric optical depth:
𝑎

𝜏𝑈𝑉𝐼𝑆 = 𝜏𝑔 = ∫𝑎 𝑚𝑎𝑥 𝜋𝑎2 𝑛(𝑎)𝑑𝑎.
𝑚𝑖𝑛

( 3.11 )

Since it is likely that particles with radii below the VIMS critical particle radius of acrit ~
8.9mm contribute to the measured optical depth in at least some ring regions, we take the extinction
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efficiency to be unity for larger particles. Their contribution to the measured optical depth is just
their geometric optical depth. Babinet’s principle states that power blocked by a particle’s crosssectional area is exactly equal to the power carried away from the line-of-sight by diffraction (Van
del Hulst 1957). (This also accounts for the familiar factor of two difference between UVIS optical
depths and radio optical depths.) Since the phase of the radio signal is known, scattered radiation
which is Doppler shifted with respect to the direct beam, is removed giving an extinction efficiency
of Qext = 2 in the geometric limit. Here, we use Qext(VIMS) = 2 for all particles with radii below acrit.
The optical depth measured by VIMS is then given by
𝑎

𝑎

𝜏𝑉𝐼𝑀𝑆 = ∫𝑎 𝑐𝑟𝑖𝑡 2 × 𝜋𝑎2 𝑛(𝑎)𝑑𝑎 + ∫𝑎 𝑚𝑎𝑥 1 × 𝜋𝑎2 𝑛(𝑎)𝑑𝑎
𝑚𝑖𝑛

𝑐𝑟𝑖𝑡

( 3.12 )

in regions where particles of radius, a uniformly fill a circle of angular radius θd ~ 1.22λ/2a.
Incorporating the simple power-law size distribution, the difference between VIMS and UVIS
optical depths is given by
𝑎

Δ𝜏 = {

𝜋𝑛0 𝑎0𝑞 ln (𝑎 𝑐𝑟𝑖𝑡 ) , 𝑞 = 3
𝜋𝑛0 𝑎0𝑞 (

𝑚𝑖𝑛
3−𝑞

3−𝑞

𝑎𝑐𝑟𝑖𝑡 −𝑎𝑚𝑖𝑛
3−𝑞

.

( 3.13 )

) , otherwise

Since RSS radio wavelengths (~0.9 cm – 13 cm) are on the size scale of much of the particles
contributing to the geometric optical depth of the rings, comparing VIMS and UVIS observations
with RSS optical depths requires a more detailed determination of Qext. We outline the determination
of extinction efficiency as a function of λ and a in the next section.
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3.3.2 Extinction Efficiencies from Mie Theory
Calculating the extinction efficiencies for the radio wavelengths requires some knowledge
of the ring particle compositions and their roughness. Saturn’s rings are predominately water ice and
most likely crystalline with at most a few percent amorphous (Cuzzi et al. 2009). In this study, we
use assume the particles are spheres, which is a reasonable approximation in the far-field
(Fraunhofer) approximation and considering the distances of Cassini from the ring plane (~105-106
km).
Following Van du Hulst (1957), the extinction efficiency, Qext can be determined using:
2

𝑄𝑒𝑥𝑡 = 𝑥 2 ∑∞
𝑗=1(2𝑗 + 1)𝑅𝑒(𝑎𝑗 + 𝑏𝑗 )

( 3.14 )

where x is the diffraction size parameter, 2πa/λ, and Re(aj + bj) denotes the real parts of the
complex expansion coefficients aj and bj. The Mie coefficients, aj and bj are typically expressed in
terms of the Riccatti-Bessel functions, Ψj(t) and ξj(t) as:
Ψ′𝑗 (𝑚𝜆 ,𝑥)
]−𝑚𝜆 Ψ′𝑗 (𝑚𝜆 ,𝑥)
Ψ𝑗 (𝑚𝜆 𝑥)

Ψ𝑗 (𝑥)[

𝑎𝑗 =

′

Ψ𝑗 (𝑚𝜆 ,𝑥)
ξ𝑗 (𝑥)[
]−𝑚𝜆 ξ′𝑗 (𝑚𝜆 ,𝑥)
Ψ𝑗 (𝑚𝜆 𝑥)

and
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( 3.15 )

𝑚𝜆 Ψ𝑗 (𝑥)[

𝑏𝑗 =

Ψ′𝑗 (𝑚𝜆 ,𝑥)
]−𝑚𝜆 Ψ′𝑗 (𝑚𝜆 ,𝑥)
Ψ𝑗 (𝑚𝜆 𝑥)
′

Ψ𝑗 (𝑚𝜆 ,𝑥)
𝑚𝜆 ξ𝑗 (𝑥)[
]−𝑚𝜆 ξ′𝑗 (𝑚𝜆 ,𝑥)

.

( 3.16 )

Ψ𝑗 (𝑚𝜆 𝑥)

The Riccatti-Bessel functions are given in terms of spherical Bessel functions, Jn(t) of the
first kind:
𝜋𝑧

Ψ𝑗 (𝑧) = √ 2 𝐽𝑗+1 (𝑧)

( 3.17 )

2

and

𝜋𝑧

𝜋

ξ𝑗 (𝑧) = √ 2 𝐽𝑗+1 (𝑧) + (−1)𝑗+1 √2𝑧 𝐽−𝑗−1 (𝑧).
2

( 3.18 )

2

mλ is the complex index of refraction of the material. In this work, we use mλ = 1.78 +0i, the
index of refraction for non-absorbing crystalline water ice at 100K.
The computation is done in IDL using the Mie_Single.pro algorithm of Grainger et al.
(2004). The computed extinction efficiencies for S, X, and Ka band wavelengths are shown in Figure
3.2 as a function of scattering particle radius.
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Figure 3.2. The Mie-model Extinction efficiencies for S, X, and Ka band wavelengths.
Qext is shown as a function of scattering particle radius. In the geometric limit (ka >> 1) the
extinction efficiency oscillates around 2 due to Babinet’s principle: large particles remove twice
the radiation from the direct beam as their geometric cross-section blocks. In the Rayleigh regime
(ka <<1) The extinction efficiency and therefore the contribution of these particles to the normal
optical depth goes to zero: these particles are essentially invisible to the long wavelength light.

3.3.3 Reconstruction of Cassini RSS Optical Depths
34 RSS X-band optical depths at 10 km and 1 km are archived on the PDS (Planetary Data
System) Rings node. As of the time of this writing, RSS Ka-band and S-band optical depths have
not been made available to the public. Calibrated optical depth profiles in X, S, and Ka band from
the rev (7) ingress radio occultation are published in Saturn from Cassini-Huygens chapter 15 (Cuzzi
et al. 2009). Figure 3.3 shows normal optical depth profiles and fractional differences in optical
depths from Cuzzi et al. (2009). Details of the 34 X-band occultations used in this study are shown
in Table 2.1.
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Figure 3.3. Cassini RSS X, S, and Ka band optical depths and fractional differences in optical
depth from Cuzzi et al. (2009).
The fractional differences, XS and KX, shown above were used to reconstruct S-band and Kaband optical depth profiles at 80 km resolution throughout the rings excluding the Cassini Division.
Reprinted by permission from Springer. (www.springer.com/us/book/9781402092169)

By tracing the XS and KX fractional differences from Figure 3.3, we can use the X-band rev
(7) ingress data binned to 80 km radial resolution to reconstruct the S-band and Ka-band rev (7)
ingress optical depth profiles:
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𝜏𝑆 = 𝜏𝑋 (1 − 𝑋𝑆)

( 3.19 )

𝜏𝐾𝑎 = 𝜏𝑋 (1 + 𝐾𝑋).

( 3.20 )

The reconstructed optical depth profiles are shown in Figure 3.4.

Figure 3.4. Reconstructed S-band and Ka-band optical depths.
All optical depths are at 80-km radial resolution. Red regions of the figure show locations where
there is no information on XS or KX fractional difference in optical depth, namely B2-B3 and the
Cassini Division interior to the triple band feature.
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3.3.4 Goodness-of-Fit and Errors in Measured Optical Depths
By comparing the power-law calculated optical depths to the measured normal optical depths
at each wavelength over a wide range of the parameter space, we can determine the best-fit powerlaw parameters by minimizing the reduced chi-squared statistic, χ2
1

𝜒 2 = ν ∑𝑛𝑖=1

2
2
𝜏𝑐𝑜𝑚𝑝
𝑖 − 𝜏𝑖

𝜎𝑖2

,

( 3.21 )

where the factor ν is the number of measured optical depths (five) less the number of free
model parameters minus one (three). Thus, fitting these five optical depth profiles to the singlescattering simple power-law, ν = 2. τcomp is the optical depth at that wavelength computed using the
power-law parameters and equation (3.2). The benefit of using the reduced chi-squared statistic is
that (1) one can compare the goodness-of-fit at multiple radial locations which may be covered by a
different number of occultations and (2) one can compare various models that have different numbers
of free parameters. (e.g. the N thin-layers model which has an additional free parameter). The factor
ν for the N thin-layers model and fitting five optical depths is 1. Another benefit of the reduced chisquared statistic is that if the errors in individual measurements are their true statistical errors, (i.e.
there are no unaccounted for systematic errors in the individual measurements) then in principle a
good fit is represented by χ2 ~ 1 regardless of the model. χ2 << 1 indicates that either the errors in
measurements were overestimated, or that the model is over-constraining the data. On the other
hand if χ2 >> 1 either the errors were underestimated or the model does not fit the data well. While
it is likely that there are systematic errors in measured optical depth due to the determination of I0
the unocculted star signal, and b, the background signal, (see section 2.1), we expect these errors to
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be on the order of, if not smaller than the statistical errors in optical depth due to Poisson counting
statistics.
To constrain all the parameters, we must have at least as many measurements as there are
free model parameters. In regions where we have UVIS and VIMS optical depths, as well as X, Ka,
and S band radio optical depths, we can fit the four parameters of the differential power-law size
distribution for a many-particle-thick ring as well as the free parameter N, the number of thin
monolayers in the N thin-layers model of Zebker et al. (1985) We can compare the goodness-of-fit
statistic, χ2 of each model over a range of optical depths in order to see if the introduction of the
additional free parameter, N is worthwhile.
The standard error in normal optical depth is taken to be one standard deviation of the mean
optical depth at that radial location for VIMS, UVIS, and RSS X-band occultations of which many
optical depth measurements are available at each radial location.

For S-band and Ka-band

measurements, for which we use only rev 7 ingress data, the uncertainty in optical depth is
overwhelmingly due to the reconstruction (Figure 3.4) from figure 15 of Cuzzi et al. (2009). We take
the uncertainty in fractional differential optical depth to be Δ ~ ±1% based on the plot symbol size .
Adding the uncertainty in differential optical depth to the standard error for the rev 7 ingress X-band
optical depth, we determine the error in Ka-band and S-band optical depth using the standard error
2

𝜕𝑓

propagation formula: 𝜎𝑓 = √∑ (𝜕𝑥 𝛿𝑥𝑖 ) arriving at:
𝑖

Δ𝜏 2

𝜎 2 = 𝜏𝑋2 Δ2 + (1 + 𝜏 ) 𝜎𝑋2 .
𝑋
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( 3.22 )

In regions where X-band normal optical depths are much less than one, and fractional differences in
SX and KX optical depth are significant, the errors in Ka-band and S-band optical depths are
dominated by the second term and within an order of magnitude of the X-band standard error.

3.3.5 Numerical Integration of Model Optical Depths
Power-law derived optical depths at each wavelength are numerically integrated using
equation (3.2) and Simpson’s rule for the irregularly gridded case over the radii from 0.1 mm to 20m
with a logarithmic scale of base 1.1. The logarithmic scaling of particle radii over which equation
(3.2) is numerically integrated reduces the number of points significantly greater than the
wavelengths at which optical depths were measured, thereby reducing the computation time. As the
particle size to wavelength ratio, a/λ, get large however, Qext(a) converges to two (or one for VIMS
and UVIS) but the decreased radial sampling of τ(a) doesn’t alter the output of the evaluation of the
integral as long as Qext is chosen appropriately over each radial interval. We take Qext to be the
average value of Qext(λ,a) over the interval [a, a + da] where Qext(λ, a) is computed using from the
Mie coefficients at ten times finer resolution than the discretization of a. The numerically integrated
power-law optical depths are computed for each wavelength and over the range of possible amin,
amax, n0, q, and N (in the case of the N thin-layers model).

3.3.6 Limitations in the Cassini Division
Cuzzi et al. (2009) does not contain X-S or Ka-X fractional differences in optical depths for
the Cassini Division since the reconstruction of the free-space signal had not yet been done. Thus,
we can only fit UVIS, VIMS, and X-band optical depth profiles and it is necessary to make some
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assumptions to reduce the number of free parameters returned by the model. In the C ring, where the
free-space signal was determined and X-S and Ka-X differential optical depths are given in Cuzzi et
al. (2009), we reconstruct the S and Ka band C ring optical depth profiles and constrain the four free
parameters of the single-scattering, many-particle-thick ring model using the five wavelengthdependent optical depths. With five wavelengths, we are also able to constrain the five free
parameters of the N thin-layers ring model of Zebker et al. (1985). Determining these parameters the
requires that the number of free parameters must be less than or equal to the number of measurements
we fit. In the Cassini Division, using only UVIS, VIMS, and X-band optical depth profiles, we can
constrain, at most, three wavelength-dependent parameters.
Incorporating the simple power-law (equation 3.1) expression for the number of particles of
radius, a, into the classical optical depth expression for a many-particle-thick ring (equation 3.2), it
is clear that n0, a constant term over particle radii, is merely a multiplicative factor of the normal
optical depth. Based on our best-fit parameters in low optical depth background C ring, we find that
n0, the number of 10 cm particles per square meter of the rings is given by n0 ~ 35m2/m  τN (UVIS).
We apply this scaling factor to determine n0 across the Cassini Division and fit the remaining three
parameters of the simple power-law size distribution using UVIS, VIMS, and RSS X-band optical
depths.

3.3.7 Best-fit Simple Power-law Size Distribution Parameters in the C Ring
In the C ring, we apply the many-particle thick, single scattering model of the rings to
compute the normal optical depth using equation (3.2) over a wide range of power-law parameters.
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We selected individual UVIS and VIMS occultations which most closely matched the viewing
geometry of the rev 7 ingress RSS occultation at B ~ 23.5º and  ~ 90º. We fit the UVIS ingress
occultation of ε-Canis Majoris (rev 174) at B ~ 26.0º and  ~ 100º (throughout the C ring) and the
VIMS ingress occultation of R-Hydrae (rev 41) at B ~ 29.4º and  ~ 85º (throughout the C ring).
We binned all five optical depth profiles to 80 km radial resolution to match the resolution of Kaband and S-band optical depths reported in Cuzzi et al. (2009) and we avoid including locations with
strong density waves or large discontinuities in optical depth such as the edges of the C ring plateaus
in the binning process. We minimize χ2 (equation 3.21), to determine best-fit computed optical
depths. Comparisons of the best-fit computed optical depths and measured optical depths along with
the fractional differences between model and computed optical depths are shown in Figure 3.5.

ε CMa (rev 174) I
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Figure 3.5. (a) Fractional differences between measured and computed optical depths are typically
less than ~ 10%. The computed and measured normal optical depths do not agree as well in the C
ring plateau or C ring ramp. (b) Measured and power-law computed normal optical depths
throughout the C ring. Using occultations optical depths at similar viewing geometries and at five
wavelengths, we fit the four parameters of a simple power-law size distribution. In the low optical
depth regions (the inner C ring, background C ring, and the regions between the plateaus in the
outer C ring.

C ring best-fit parameters are shown in Figure 3.6. In the low optical depth regions where
measured and computed optical depths are in good agreement, we find values of amin ~ 3.5mm, in
good agreement with the findings of Harbison et al. (2013) who used VIMS solar occultations and
q ~3.1 from Zebker et al. (1985) to constrain amin.
We find amax ~ 5.7m, slightly larger than that found by Marouf et al. (1983) and Zebker et
al. (1985) who determined amax ~ 4.5 m, although we are less sensitive to the maximum particle size
in the distribution since we attempt to fit optical depths measured at up to wavelegnths of 13.0 cm
but without the inversion of the forward scattered S-band signal. We find q ~ 3.10, in good
agreement results from with Marouf et al. (1983), Zebker et al. (1985), Showalter and Nicholson
(1990), and French and Nicholson (2000) who found q ~ 3.11 throughout the lower optical depth
regions of the C ring. n0, the number of 10 cm particles in a one square meter vertical column of
the rings, scales the power-law size distribution and is directly proportional to the UVIS optical
depth. We find n0 ~ 36  τUVIS, and we use this scaling factor throughout the Cassini Division where
we lack Ka-band and S-band optical depth profiles.
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Figure 3.6. Best-fit size distribution parameters throughout the C ring.
Best-fit parameters to the five optical depth profiles shown in Figure 3.5 using the single scattering,
many-particle-thick ring model. UVIS normal optical depths measured by the occultation of ε
Canis Majoris (rev 174) are shown in green. Mean values of the best-fit power-law parameters in
the low optical depth regions of the C ring are amin ~ 3.5mm, amax ~ 5.7m, and q ~ 3.10. Size
distribution parameters from Zebker et al. (1985) are shown by red stars. Zebker et al. 1985
assumed amin = 1mm. amin from Harbison et al. (2013) is shown by blue stars. Harbison et al.
(2016) assumed q and amax determined by Zebker et al. (1985).

The model finds local minima of χ2 within the parameter space and χ2~ 1-2 in the lower
optical depth regions of the C ring. Figure 3.7 shows contour plots of cross-sections of the parameter
space at r = 84,000 km and Figure 3.8 shows χ2 throughout the C ring which is roughly an order of
magnitude larger in the C ring plateaus than in the background C ring where χ2 ~ 1. We conclude
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that a simple power-law distribution fits the five optical depths well in the background C ring but
not in the C ring plateaus.

Figure 3.7. Contour Plots of χ2 in the C ring.
In the background C ring, optical depths computed using a simple power-law fit well with
measured normal optical depths. Cross-sections of χ2 at r = 84,000 km show that the best-fit
parameters are at local minima.
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Figure 3.8. Reduced χ2 across the C ring (purple) and UVIS normal optical depth from ε Canis
Majoris (rev 174) at B ~ 26.0º (green).

In the background C ring, amin shows a negative correlation with optical depth while amax
shows a positive correlation with optical depth. Figure 3.10 shows linear regression fits to both amin
and amax versus τUVIS. The trend suggests a decreasing minimum particle size with increasing optical
depth at least for optical depths less than ~ 0.2. The power-law slope is q~3 everywhere in the
background C ring. This suggests that, if the particle density is uniform, the mass contained in the
particles in the size interval [a, a + da] is independent of a since both the number of particles of
radius a and the volume and hence the mass contained in each particle both depend on a3. When the
minimum particle size is smaller, mass is spread over a wider surface area. The surface area to
volume ratio increases with decreasing particle size. Thus, more starlight is blocked by the larger
fractional area covered by ring particles. On the other hand, amax shows a positive correlation with
optical depth. This suggests that in the background C ring, larger optical depths correspond to
broader size distributions.
Reduced χ2 values significantly greater than unity indicate that the power-law model is
poorly fitting the measured optical depths so long as we have not underestimated errors in optical
depth. We conclude that the simple power-law size distribution with a many-particle-thick rings does
not accurately describe the C ring plateaus where reduced χ2 ~ 10. Next we try to fit the optical
depths using the N thin-layers model of Zebker et al. (1985) to the five optical depths discussed in
the previous section.
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Another measure of the sizes of particles in the rings is the cross-section weighted particle
radius, Reff introduced by Showalter and Nicholson (1990) in their study of the excess variance
(beyond Poisson statistics) of the Voyager 2 PPS occultation data of δ Scorpii. Reff is given by
∫ 𝑎4 𝑛(𝑎)𝑑𝑎
,
∫ 𝑎2 𝑛(𝑎)𝑑𝑎

𝑅𝑒𝑓𝑓 = √

( 3.23 )

and weights the average particle radius by its contribution to the geometric optical depth. This
measure leans toward amax, the particles with the largest cross-section area to block incident radiation
and contribute the most to the excess variance in star signal beyond Poisson (shot) noise. From their
studies, they determined that the smallest upper size cutoffs were in the C ring and Cassini Division
with the largest amax in the A and B ring, although their study did not consider the role of self-gravity
wakes in the A and B rings. Further studies by Colwell et al. (2018) used the excess variance in
UVIS occultation data to determine Reff throughout the rings. Figure 3.9compares Reff from Colwell
et al. (2018) to those determined using our best-fit size distribution parameters. We find a good
agreement between Reff determined using our best-fit size distribution parameters and Reff determined
by Colwell et al. (2018) in the background C ring from 80,000 km – 84,000 km but a significantly
smaller Reff than Colwell et al. (2018) elsewhere in the C ring.
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Figure 3.9. Comparison of derived Reff from Colwell et al. (2018) with values computed using our
best-fit size distribution parameters.
Reff throughout the C ring from Colwell et al. (2018) (black). Reff derived by integrating over our
best-fit size distribution parameters are overplotted (blue). Normal optical depth from α Ara (rev
32) ingress scaled by a factor of five are also shown (red) to aid in the comparison. Colwell et al.
(2018) found a positive correlation between Reff and τ throughout the background C ring and an
inverse correlation between Reff and τ in the C ring plateaus.

Reff determined by Colwell et al. (2018) shows a positive correlation with normal optical
depth in the background C ring and an inverse correlation with normal optical depth in the C ring
plateaus. Reff is weighted toward the largest particles in the size distribution. Using our best-fit single
scattering model parameters, we see a weak correlation between amax and τ however, our five opticaldepth fit is least sensitive to the maximum particle size. We find an inverse correlation between amin
and τ. Linear regressions of amin vs. τ and amax vs. τ are shown in Figure 3.10.
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a

b

Figure 3.10. (a) amin vs. τUVIS. The best-fit trend line has a slope of ~ -30 mm. (b) amax vs. τUVIS.
The best-fit trend line has a slope of ~ 6.0m. Error bars on best-fit amin and amax depict the range
where χ2 is larger by a factor of two.
3.3.8 Best-fit Size Distribution Parameters in the Cassini Division
In the Cassini Division interior to 120,000 km from Saturn’s center we lack S and Ka band
radio occultation profiles. Cuzzi et al. (2009) highlight the difficulty in determining the “free-space”
radio signal in this region. With only three remaining wavelengths (UVIS, VIMS, and RSS X-band
wavelengths) we can fit only three size distribution parameters. We chose to assume the same
proportionality between the scaling factor, C = n0a0q and UVIS optical depth as was fit in the
background C ring such that n0 ~ 35  τUVIS. Cassini Division UVIS optical depths are τ < ~0.2 and
it is appropriate to assume single scattering. We fit the remaining three parameters: q, amin, and amax
throughout the Cassini Division at 80 km radial resolution using the simple power-law size
distribution. There are many gaps in the Cassini Division, but we limit our fits to regions where
UVIS normal optical depths, τN > 0.03 meaning that at the viewing geometries of the rev 7 ingress
X-band radio profile, no more than 93% of the unocculted signal is observed. Comparisons of the
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best-fit computed optical depths and measured optical depths along with the fractional differences
between model and computed optical depths are shown in Figure 3.11.
Where the simple model fit well, we find that in the low optical depths regions of the Cassini
Division, the best-fit power-law slope q < 3, smaller than in the background C ring. This suggests a
slightly larger fraction of large particles compared with smaller particles. This might suggest that
collisions are less vigorous in the low optical depth regions of the Cassini Division compared to the
C ring. Larger values of amax are consistent with Zebker et al. (1985) who reported average amax of
~7.5 m in the Cassini Division. We do not see the same trend in the Cassini Division ramp, where
amax ~ 1 m. In the regions where we have only three wavelengths to fit (118,000 – 120,000 km from
Saturn’s center) we find smaller values of amin ~ 2.00m, again consistent with Zebker et al. (1985)
who assumed a minimum cutoff radius of 1.00 mm. Figure 3.12 shows best-fit power-law
parameters.
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Figure 3.11. Fractional differences between measured and model computed optical depths in the
Cassini Division.
(a) Measured and power-law computed normal optical depths throughout the Cassini Division.
Using occultations optical depths at similar viewing geometries and at three wavelengths, we fit
the three remaining parameters of a simple power-law size distribution after assuming n0 from a
scaling law with UVIS optical depth. (b) Fractional differences between measured and computed
optical depths are typically less than ~ 10% except in the Cassini Division ramp.
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Figure 3.12. Best-fit size distribution parameters in the Cassini Division.
Best-fit parameters and χ2 using the single scattering model are shown in black symbols. UVIS
normal optical depths measured by the occultation of ε Canis Majoris (rev 174) are shown in red.
Mean values of the best-fit power-law parameters are amin ~ 2.5mm, amax ~ 5.3m, and q ~ 2.9
in the low optical depth regions of the Cassini Division and amin ~ 3.9mm, amax ~ 1.1m, and q
~ 2.85 in the Cassini Division Ramp. The model did not fit the measured optical depths in the triple
band feature. Size distribution parameters from Zebker et al. (1985) are shown by red stars. Zebker
et al. (1985) assumed amin = 1mm.

3.4 The Ring as Several Particle Monolayers of Low
Optical Depth
Zebker et al. (1985) give a formula for the optical depth of the rings at wavelength, λ,
equation (3.10), which differs from simple, single-scattering many-particle-thick ring model. This
formula treats the ring particles as if they are arranged in N monolayers between which multiple
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scattering of the incident radiation can occur. Independent measurements by Brahic and Sicardy
(1981), Lane et al. (1982), and Jerousek et al. (2011) of sharp edged ringlets and at various other
locations in the rings have shown that at least, in the vicinity of these edges, the rings are tens of
meters thick, comparable to several of the largest particle’s diameters. Indirect measurements of the
rings thickness from self-gravity wake analysis by Colwell et al. (2006), Esposito et al. (2017) and
Tiscareno et al. (2018) as well as analysis of the ring viscosity from density wave damping by Baille
et al. (2011), Colwell et al. (2008), and Tiscareno et al (2007) give ring thicknesses of < 10 m. If the
normal optical depth is on the order of unity and is arranged in one to several thin monolayers, one
must account for multiple scattering of light between these layers when computing the normal optical
depth. In the background C ring where UVIS normal optical depths reach τN ~ 0.2 and the ring
thickness is largely unknown, it is not clear whether multiple scattering significantly affects the
results of the best-fit size distribution parameters. A simple test is to compute the best-fit size
distribution parameters with the N thin-layers model of Zebker et al. (1985) and compare the reduced
chi-squared statistic point by point for each model. N is a new free parameter however the number
of free parameters has not exceeded the number of independent measurements (five), further,
equation (3.10) also introduces geometry dependence on the observed normal optical depth.
Therefore, fitting more optical depth profiles over a wider range of ring plane incidence angles allows
us to better determine N if it is significant in the background C ring.
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3.5 Beyond the Simple Power-law Size Distribution
Zebker et al. (1985) were motivated to introduce the N-thin-layers model because of a
discontinuity in the power-law index at a ~ 1m reported by Marouf et al. (1983) the exact particle
radius of the discontinuity in the power-law was unknown however the size distribution determined
for so-called “suprameter” particles, determined by the inversion of the forward scattered S-band
signal differed significantly from the “submeter” size distribution determined using the differential
XS optical depth. It is therefore prudent to test whether or not a broken (two-component) powerlaw size distribution is a better fit to the optical depth profiles than the N-thin-layers model by
comparing the reduced chi-squared statistic. Our piecewise-continuous size distribution is defined
as follows:
𝑛(𝑎) = {

𝐶1 𝑎−𝑞 , 𝑎 < 𝑎𝑏𝑒𝑛𝑑
,
𝐶2 𝑎−(𝑞+𝛿𝑞) , 𝑎 ≥ 𝑎𝑏𝑒𝑛𝑑

( 3.24 )

where abend represents the particle radius at which the size distributions power-law index
changes from q to (q + δq), δq may be positive or negative, and C2 = C1(abend/a0)-q. This piecewisecontinuous size distribution has the effect of reducing (or enhancing in the case that δq is negative)
the contribution of successively larger particles to the measured normal optical depth. By combining
this more complicated size distribution with equation 3.10 to compute optical depths, we remove the
viewing geometery dependence imposed by equation 3.10, the N thin-layers model. Figure 3.13
compares χ2 for the single-scattering, many-particle-thick simple power-law, the N thin-layers model
of Zebker et al. (1985), at 55 points in the C ring where the optical depth doesn’t change abruptly
over an 80 km radial interval. The optical depth data are also binned to 80 km resolution.
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Figure 3.13. χ2 from three models across the C ring.
Both the simple power-law size distribution and the piecewise continuous “broken” power-law
model produce the same minimum χ2 throughout the C ring which is ~ 1-2 in the background C
ring. χ2 for the N thin-layers model is larger than the others by a factor of several to ten and by a
factor of nearly 100 in two of the optically thick plateaus.

Figure 3.13 shows that throughout the background C ring, χ2 is larger for the N thin-layers
model of Zebker et al. (1985) when fitting all of the available VIMS, UVIS, and RSS occultations
than χ2 for the single-scattering, many-particle-thick ring by a factor of several throughout most of
the C ring. The mean best-fit parameters using this model were amin ~ 1.5 mm, amax ~ 1.0 m, and
q ~ 3.1 with N = 1 throughout the background C ring and N = 2 or 3 in the C ring plateaus where
q ~ 3.0 with similar amin and amax varying from 4 – 20 m. Though the N thin-layers model accounts
some of the details that complicate the matter of determining the size distribution parameters, namely
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multiple scattering between particles and the small vertical extent of Saturn’s rings, there are likely
many phenomena that none of our simple models are accounting for such as particle aggregation and
vertical stratification of particle sizes. We find that the single scattering model is a better fit to the
optical depth profiles measured by UVIS, VIMS and RSS in these low optical depth regions.
Figure 3.13 also shows that throughout the background C ring, χ2 is identical for the simplepower-law model and the “broken” (piecewise-continuous) power-law. Using the “broken” powerlaw (equation 3.24), best-fit values of abend are nearly equal to amax at all points in the C ring. We
conclude that the additional free parameters, abend and δq in equation (3.24) do not improve the model
in these low optical depth regions.
While fitting the available VIMS, UVIS, and RSS optical depth profiles shown in tables
Table 2.1 using the simple power-law, single scattering model, we find similar best-fit parameters to
those found by fitting the five occultations at similar viewing angles discussed in section 3.3 and
shown in Figure 3.5 except for the parameter amax. We find a smaller best-fit amax ~ 3.5 m when
fitting all available occultations.
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CHAPTER 4: PARTICLE SIZES BETWEEN AND INSIDE SELFGRAVITY WAKES

4.1 Introduction
Self-gravity wakes were first dynamically demonstrated in gaseous galactic disks by Julian
and Toomre (1966) and are now widely known explain the azimuthal brightness asymmetry
observed in the reflectance of Saturn’s A and B rings by Camichel (1958), Colombo et al. (1976),
Lumme and Irvine (1976), Reitsema et al. (1976), Lumme et al. (1977), Gehrels and Esposito (1981),
Thompson et al. (1981), Dones and Porco (1989), Dones et al. (1993), Dunn et al. (2004), and
Nicholson et al. (2005). In Saturn’s rings, self-gravity wakes consist of ephemeral elongated
agglomerations of ring particles which aggregate due to their mutual self-gravity and at the same
time, are continuously torn apart by Keplerian shear. This results in elongated clumps with an
average cant angle of ~20 - 25º prograde from the direction of orbital motion. Self-gravity wakes are
typically separated by tens to hundreds of meters (Jerousek et al. 2016, Esposito et al. (in prep)),
with lengths expected to be ten times or more greater. Figure 4.1 from Salo et al. (2004) shows
numerical simulations of self-gravity wakes and their geomertric effect on both ring reflectance and
optical depth.
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Figure 4.1. Simulations of self-gravity wakes from Salo et al. (2004)
Numerical simulations of self-gravity wakes at several viewing geometries from Salo et al. (2004).
The viewing geometry dependence on normalized flux and normal optical depth with longitude
relative to the observer’s line-of-sight to Saturn.

Julian and Toomre (1966) demonstrated that the wavelength scale of such features depends
on the epicyclic frequency of the particles’ orbits and on the local surface mass density of the rings.
This scale, the most unstable wavelength for gravitational collapse, known as the Toomre critical
wavelength is given by
𝜆 𝑇𝑜𝑜𝑚𝑟𝑒 = 4𝜋 2 𝐺𝜎/𝜅 2

( 4.1 )

where σ is the local surface mass density and κ is the epicyclic frequency of the ring particles’
orbits. Surface mass density estimates have been made throughout the rings (Spilker et al. 2004,
Tiscareno et al. (2006, 2007), Baille et al. (2011), Hedman et al. (2016)) by using the linear theory
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of spiral density wave dispersion by (Goldreich and Tremaine 1978a, b, 1979b, 1982, Shu et al.
1985, Lin and Shu 1964). The surface mass densities derived from these studies indicate that selfgravitation plays a significant role only in the A and B rings where Toomre wavelengths are
significantly greater than the largest ring particles (λToomre ~ 100 m) while in the C ring and the Cassini
Division, Toomre critical wavelengths are on the scale of the largest particles (λToomre ~ 1 m) as shown
in Figure 4.2.

Figure 4.2. Toomre critical wavelength as a function of ring plane radius from and numerical
simulations of self-gravity wakes over a variety of ring plane radii and optical depths.
(right) Order of magnitude estimates of the most unstable wavelength for gravitational collapse,
which is comparable to the wavelength of self-gravity wakes. Wakes on the order of tens to
hundreds of meters are expected in the B and A ring. In the C ring and Cassini Division, Toomre
critical wavelengths are less than one meter, smaller than the largest ring particles. Hedman et al.
(2016) constrained the surface mass density in many of the spiral density waves in the opaque B
ring and found that in most locations σ ~ 40-70 gcm-2. Incorporating their results gives Toomre
critical wavelengths that are only smaller by a factor of several in the B ring, still larger than the
largest individual ring particles that contribute significantly to the measured optical depth. (left)
numerical simulations from (Schmidt et al. 2009) covering squares of sidelength 4  λToomre as a
function of ring plane radius and average geometric normal optical depth. The particle size used
in the simulation was 0.5 m.
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Typically, the length scales of self-gravity wakes are too small for direct observation
however several UVIS scans which cut a chord across the rings afford us a view at the minimum
ring plane radius when the line-of-sight from the star to the UVIS HSP moves azimuthally in the
same direction and at nearly the same speed as the ring particles. The directly sampled self-gravity
wake structure shown from the occultation of β Perseii (rev 116) in Figure 4.3, has an autocorrelation
length of ~ 150 m. The autocorrelation of the signal is a statistical comparison of the time-series data
with itself delayed by a certain amount, called the lag. When the autocorrelation is large at a given
lag, the delayed copy of the signal nearly matches the undelayed signal. The autocorrelation of a
purely random (white noise) signal as a function of lag is a Dirac delta function at the origin and the
autocorrelation function shows a periodicity with lag if the signal is a periodic time-series.
During the occultation of β Perseii (rev 116), the UVIS high-speed photometer (HSP)
measured starlight passing through the rings at a 1.0 ms sampling rate when the relative velocity of
the spacecraft with respect to the orbital velocity particles in the patch of the ring being observed
reached a minimum value of ~ 0.81 km/s. Figure 4.3 shows the unbinned HSP data with 0.81 m
azimuthal resolution and radial resolution of <10 cm. The distribution of HSP counts shows what
appear to be relatively opaque wakes and the more transparent gaps. The width of one wake is labeled
“W”, and the width of the adjacent gap is labeled “S”. The figure shows a typical separation to width
ratio (S/W) of ~1.7 at this location, 131,436 km from Saturn’s center.
Though few observations provide a direct sample of the self-gravity wakes, studies using a
multitude of UVIS occultations by Colwell et al. (2006, 2007) and separate studies using VIMS
occultations by Hedman et al. (2007) and Nicholson and Hedman (2010) took advantage of the
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viewing geometries of the occultations observed by the two instruments to constrain the geometric
and photometric properties of self-gravity wakes. Hedman et al. (2007), Nicholson and Hedman
(2009) modeled the particle aggregates as cylinders with an elliptical cross-section and infinite length
while (Colwell et al. (2006, 2007) models the particle aggregates as infinitely long rectangular slabs.
Both models were compared to the various measured optical depths or to the measured ring
transparencies, to constrain the relevant geometric and photometric parameters.
Jerousek et al. (2016) combined VIMS and UVIS occultation profiles and fit the parameters
of the rectangular cross-section wake model of Colwell et al. (2006, 2007) with an additional free
parameter τSmall, which represented the overstatement of intra-wake optical depth (τGap) by VIMS
due to diffraction effects from sub-cm particles. We present their model in section 4.2and their results
in section 4.3.

Figure 4.3. Self-gravity wake structure resolved by UVIS HSP from Jerousek et al. (2016).
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In the elliptical cross-section model of Hedman et al. (2007) and Nicholson and Hedman
(2010), the free parameters of the model are the intra-wake optical depth τGap, the gap to wake
wavelength ratio, G/λ, the height to wavelength ratio H/ λ, and the cant angle of the wakes, prograde
from the direction of orbital motion, Wake. Figure 4.4 shows an illustration of the model and relevant
geometric parameters. Hedman et al. (2007) constrained Wake throughout the outer half of the A ring
by fitting the transparency measured by three chord occultations of ο Ceti at B = 3.5º to a Gaussian
function of clock angle, . The maximum transparency, corresponding to the peak of the Gaussian,
is measured when the line-of-sight to the star is parallel to the wakes. Wake from Hedman et al.
(2007) is shown with the results of the best-fit Wake from Jerousek et al. (2016) in Figure 4.8.
Nicholson and Hedman (2010) give the model derived transparency in terms of the
𝐻 sin(𝜃) 2

𝑊 2

𝜆 tan(𝐵)

𝜆

𝑇 = 𝑇𝑔 [1 − √(

) − ( ) ],

( 4.2 )

where Tg is the gap or intra-wake transparency, H/λ is the height to wavelength ratio, W is the wake
width, and λ = G + W, the sum of the gap and wake width. θ = - Wake is the clock angle between
the projection of the line-of-sight from the star to Cassini projected into the ring plane and the
direction parallel to the wakes. The equation assumes the wakes themselves are infinitely opaque.

119

Figure 4.4. Cartoon depicting the elliptical cross-section wake model. From Hedman et al. (2007).
The illustration shows a hypothetical stellar occultation measured at ring plane incidence, B, and
clock angle, θ, through elliptical cross-sectioned self-gravity wakes of infinite length, width W,
height H, and wavelength λ.
The rectangular cross-section wake model of Colwell et al. (2006, 2007) has as free model
parameters the inter-wake and intra-wake optical depths, τWake and τGap, the gap (or separation) to
wake width ratio, S/W, the wake height to wake width ratio H/W, and the cant angle of the wakes
prograde from the direction of orbital motion, Wake. The wavelength of the wakes, λ, from Hedman
et al. (2007) (Figure 4.4) is equivalent to S + W (Figure 4.5) in the rectangular cross-section wake
model. For our study of particle size distributions within and between the self-gravity wakes, we use
the rectangular slab model of Colwell et al. (2006, 2007) although either model (rectangular or
elliptical cross-section wakes) would be appropriate. Of course, the self-gravity wakes in Saturn’s
rings are neither ellipsoidal cross-sectioned cylinders or rectangular slabs nor are they of infinite
length as numerical simulations by Salo et al. (2004), shown in Figure 4.1 and Figure 4.2,
demonstrate. Nonetheless, both simple models accurately reproduce the observed optical depths
observed by UVIS over a wide range of viewing geometries and the best-fit self-gravity wake
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parameters from the two models generally agree with each other. Although the rectangular crosssection wake model produces sharper transitions in brightness with azimuth than are observed
(Ferrari et al. 2009). An illustration of the model parameters from rectangular cross-section wake
model of Colwell et al. (2006, 2007) taken from Jerousek et al. (2016) is shown in Figure 4.5.

4.2 Self-gravity Wake Parameters

Figure 4.5. The rectangular cross-section model of self-gravity wakes from Jerousek et al. (2016)
A schematic model patch of the rings illustrating the free parameters of the rectangular crosssection “granola bar” model of (Colwell et al. 2006). In our new analytic model, we have L = ∞,
τwake = ∞ (cf. Colwell et al. 2007), and an additional free parameter τsmall (see text) represents the
over-prediction of τgap by VIMS occultations. The line-of-sight from Cassini to the star makes an
angle of B with the ring plane, while the wakes make an angle of wake counterclockwise from the
radial direction outward from Saturn, r, toward the trailing orbital direction.

Using the rectangular cross-section wake model of Colwell et al. (2006, 2007) (shown in
Figure 4.5), we determine the wake parameters by using the set of calibrated UVIS optical depths
and tracing rays through the model wake structure to determine model computed optical depths,
τComp. The routine is repeated using VIMS optical depths. There are two notable results of this ray121

tracing model: (1) When fitting VIMS observations, best-fit intra-wake optical depths, τGap, are larger
by a few to ten percent in some regions than the best-fit τGap determined by fitting UVIS observations.
The sum-of-squared residuals indicate a similar quality of fit to both data sets. (2) When fitting either
data set, best-fit inter-wake optical depths are τWake ~ 4 throughout the A and B rings. Slant-path
inter-wake optical depths of ~4 correspond to less than 2% transmission of the incident starlight
through the self-gravity wakes. We therefore treat the wakes as opaque slabs with some optically
thin distribution of material between them. The transparency measured by a stellar occultation at
ring plane incidence angle, B and clock angle,  is then given by
𝑆

𝑇=𝑊

𝐻
𝑊

− |sin(𝜙−𝜙𝑤𝑎𝑘𝑒 )|cot(𝐵)
𝑆
+1
𝑊

𝑒 −(𝜏𝐺𝑎𝑝 −{𝜏𝑆𝑚𝑎𝑙𝑙 ,0})/𝜇 ,

( 4.3 )

where μ = sin(B) and τSmall is a free parameter for VIMS occultations and zero for UVIS occultations.
Jerousek et al. (2016) introduced the free parameter to the rectangular cross-section wake
model, τSmall, which represents the additional extinction measured by VIMS optical depth profiles
due to the diffraction of infrared starlight out of the VIMS pixel which is not replaced by neighboring
ring particles (section 2.2.5). This additional parameter allows VIMS and UVIS occultations at
different viewing geometries to be simultaneously fit to a self-gravity wake model, better
constraining self-gravity wake parameters with a wider range of viewing geometries spanning both
data sets, and additionally constraining the sub-cm particle population in the gaps between opaque
wakes.
Differences in the results obtained from modeling the VIMS and UVIS data sets
independently are largest in the inner A ring (interior to the Janus 4:3 inner Lindblad resonance) and
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in the outer A ring (exterior to the Janus 5:4 inner Lindblad resonance). The fractional difference in
best-fit gap optical depth, τGap, between the VIMS occultations and UVIS occultations increases
outward toward the A ring outer edge.

Figure 4.6. Best-fit gap optical depths using the ray-tracing rectangular cross-section wake model
of Colwell et al. (2006, 2007) throughout the A ring.
The figure shows best-fit gap optical depths using only UVIS occultation data (black), only VIMS
occultation data (red) and the diffraction model with the additional free parameter τsmall from
Jerousek et al. (2016) and fitting both occultation data sets (blue).

The models of VIMS and UVIS data sets both determined S/W ∼1.7 at a radial distance of
∼131,400 km from Saturn’s center. This is consistent with the particle-tracking occultation
observation of resolved wakes in this region shown in Figure 4.3). Modeling the VIMS and UVIS
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occultation data sets independently produces differences in best-fit H/W, S/W, and Wake. These
differences are likely due to differences in the distribution of viewing geometries and the nature of
this idealized model of the wakes as rectangular slabs. For example, decreasing the separation to
width ratio (S/W) of the wakes is equivalent to increasing the gap optical depth over a limited range
of ring plane incidence angles, B. Combining both VIMS and UVIS occultation data into a single
larger data set with the additional free-parameter, τSmall, expands the range of available viewing
geometries and increases the number of occultations which are fit at a given radial location (Jerousek
et al. 2016). Figure 4.8 and Figure 4.10 show the best-fit wake parameters determined using the
rectangular cross-section wake model and the VIMS occultation data set, the UVIS occultation data
set, and the combined model of Jerousek et al. (2016).

4.3 Best-fit Parameters Using VIMS and UVIS Stellar
Occultations
Jerousek et al. (2016) fit the combined VIMS and UVIS occultation set to the analytic
rectangular cross-section (granola bar) wake model (Colwell et al. 2007) with the additional free
parameter τSmall (and replacing τWake by ∞). Using the power-law size distribution parameters, q, amax,
and n0 from Zebker et al. (1985), they attempted to determine the sizes of the smallest particles
between self-gravity wakes. Using this model, they reproduced the best-fit geometric parameters of
Colwell et al. (2006, 2007) but with increased sensitivity due to the larger number of occultation data
points and due to the larger range of viewing geometries attained by combining the VIMS and UVIS
occultation data sets. In this section, we summarize the results obtained in Jerousek et al. (2016)
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which we considered to be a substantial portion of this thesis. Best-fit self-gravity wake parameters
from Jerousek et al. (2016) throughout the A ring are shown in Figure 4.10 and throughout the B
ring in figure 40X. The A and B rings are the only two main rings which show evidence of selfgravity wake structure by the azimuthal (quadrant) brightness asymmetry seen in Earth-based
observations, as well as by the strong dependence of normal optical depth on ring plane incidence
angle (B).
The best-fit model parameters of Jerousek et al. (2016) were determined by the by
minimizing the root-sum of squared fractional differences in transparency (RSST). χ2 was calculated
by weighing the differences in model computed and measured transparency by the 1-σ uncertainty
due to photon counting statistics, ΔT:
1

𝑇𝑐𝑜𝑚𝑝 −𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 2

𝜒 2 = ∑𝑁
𝑖=1 (
𝜈

Δ𝑇

)

( 4.4 )

where ν is the number of occultations, N, at a given radial location less the number of free model
parameters minus 1 (section 3.3.4). Tcomp and Tmeasured for two VIMS occultations and two UVIS
occultations are shown versus ring plane radius throughout the A ring in Figure 4.7. Percent
differences between model computed transparency, Tcomp, and measured transparency, Tmeasured, are
typically less than ~10% for occultations at B > ~ 20º, however the discrepancy between Tcomp and
Tmeasured is larger at very low ring plane incidence angles. Figure 4.7 also shows the model predicted
and measured transparencies of two occultations (green) that were not used to constrain the best-fit
self-gravity wake parameters. Their model predicted transparencies lie within ~10% of their
measured transparencies.
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Figure 4.7. Model computed and measured transparencies from Jerousek et al 2016.
Comparisons between measured transparency, TMeasured, and model determined transparency,
TComp, for two UVIS occultations (black) and two VIMS occultations (red). The model-computed
transparencies using the best-fit self-gravity wake parameters and minimum particle radius,
combined with the occultation viewing angles produce TComp (blue). The 2 UVIS occultations are
λ Ceti (rev 28) Ingress (lower observed transparency) at B = 15.4o, 79o <  < 259o, and δ Perseii
(rev 41) Ingress (higher observed transparency) at B = 54.0º, 53º <  <24º. The 2 VIMS
occultations are o Ceti (9) Egress (lower observed transparency) at B = 3.5o, 278o <  < 318o, and
γ Crucis (rev 73) Ingress at B = 62.3o, 223o <  < 232o. TComp error bars (blue) represent the rootmean-square post-fit residuals in T and are an estimate of all of the systematic errors in the model
which are strongly correlated for points along the same occultation profile. Errors in TMeasured are
generally smaller than the plot symbols. Plot symbols and error bars are shown for every 10th data
point. Additionally, the transparencies measured by two UVIS occultations which were not
included in the model, α Lyrae (rev 206) Egress at B = 35.2º and α Virginis (rev 211) Egress at B
= 17.3o, (green) and predicted transparencies (blue) based on the best-fit wake parameters.
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Figure 4.8. A ring self-gravity wake parameters and minimum particle size (amin) determined by
Jerousek et al. (2016)
(a,b,c) Best-fit wake height and separation to width ratios (H/W, S/W) and gap optical depth τgap
throughout the A Ring. The difference in gap optical depths between VIMS and UVIS is due to
the diffraction of light by sub-cm particles. (d) Best-fit Wake from the granola bar models (black,
red, and blue) as well as Wake determined by fitting the measured transparency of the low B angle
(∼3.5o) occultations of o Ceti by VIMS to a Gaussian at each radial location (green diamonds).
(Hedman et al. 2007) VIMS measured five occultations of o Ceti at various longitudes at each ring
plane radius. (e) Best-fit τSmall and the corresponding minimum particle size, amin, throughout the
A Ring which is dominated by self-gravity wakes. The radii of the smallest particles decreases
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toward the outer edge of the A Ring. From 122,000 km – 129,000 km we do not detect a significant
population of sub-cm particles.

Best-fit gap optical depths from the VIMS occultations are higher than that for the UVIS
occultations in the outer A ring, consistent with the simple model of opaque wakes and a diffuse,
low optical depth cloud of particles between the wakes that includes particles smaller than 1 cm.
These particles cause VIMS to collect less starlight than if all particles were larger than 1 cm,
resulting in a higher VIMS optical depth than UVIS optical depth (which collects all diffracted light
and so sees a higher stellar signal than VIMS, see Figure 2.5). When these observations are folded
into the granola bar self-gravity wake model, this produces larger τGap when VIMS occultations are
used. However, in the inner part of the A ring this trend reverses: the model returns larger values of
τGap when using only UVIS occultations than when using only VIMS occultations. This indicates
that the simple granola bar model is not fully capturing the geometrical distribution of ring particles
in the inner A ring. These discrepancies can be explained, at least in part, by a distribution of gap
optical depths rather than a bi-modal distribution of optical depths between gaps and wakes (Colwell
et al. 2011, 2012, and Tiscareno et al. 2010). To support this claim, we provide histograms (Figure
4.9) of the optical depth measured by the occultation of β Centauri (rev 77) in the B ring “flat-spot”,
in the inner A ring and in the central A ring from Jerousek et al. (2016). These optical depth
distributions vary significantly between ring region and all would be difficult to fit to the sum of two
Gaussian optical depth distributions. The blue histogram in Figure 4.9 shows a complicated
distribution with bimodal characteristics indicating a better fit of our (bimodal) optical depth selfgravity wake model in the outer A ring, however the red histogram which shows the distribution of
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normal optical depths in the B ring has a very different character indicating the necessity of a more
robust self-gravity wake model. The radial resolution of β Centauri (rev 77) was ∼8.0 m at all three
locations. The azimuthal resolution in the frame corotating with the ring particles spanned from ∼70–
80 m. Since the self-gravity wakes have a typical wavelength of ∼50 m and are canted by an angle
of 20º from the direction of orbital motion, the self-gravity wakes are resolved in each data point
used in these distributions. 1300 optical depth data points were used to construct each of the three
histograms.

Figure 4.9. Normal optical depth distributions from Jerousek et al. (2016)
Truncated normal optical depth distributions the high incidence occultation of β Centauri (rev 77)
between 126,995 km and 127,005 km (dashed blue line) with a mean normal optical depth of
∼0.61, between 123,245 km – 123,255 km (dashed green line) with a mean normal optical depth
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of ∼1.12, and between 94,995 km and 95,004.7 km (dashed red line) with a mean optical depth of
∼0.85.

Jerousek et al. (2016) found that τsmall varies across the outer A ring but remains close to zero
throughout the inner and central A ring around 122,000 km–129,000 km where self-gravity wake
signatures are most pronounced. τsmall ~ 0 indicates that if VIMS and UVIS normal optical depth
profiles were measured at the same viewing geometry, they would measure identical optical depths
and that all of the light diffracted out of the VIMS pixel and UVIS FOV is replaced by diffracted
light from neighboring particles. At these locations, the smallest particles are too large (>8.86 mm)
to produce the differential optical depth signal between VIMS and UVIS. Jerousek et al. (2016)
found an increased abundance of sub-cm particles throughout the trans-Encke rgion of the outer A
ring with the highest abundance in the trans-Keeler region, closest to the A ring outer edge.
Best-fit self-gravity wake parameters are all notably different in the halos surrounding the
strong Janus and Mimas resonances when compared to the wake parameters in the surrounding
regions of the A ring, while individual optical depths measured by stellar occultations do not show
the same variations (except for those occultations at B < ~15º). The halos extend outward several
hundred kilometers from the strongest inner Linblad resonances (ILRs) and were first observed in
the VIMS and UVIS reflectance spectra taken during Cassini’s Saturn orbit insertion in July, 2004
(Esposito et al. 2005; Nicholson et al. 2008). The fact that τsmall remains close to zero suggests that
there is not a significant sub-cm particle population throughout the halos and that the increase in
intra-wake optical depth in these regions is due to some other mechanism, perhaps the disruption of
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self-gravity wake formation in the strong spiral density waves and subsequent diffusion of
centimeter-size particles. The properties of self-gravity wakes and particle sizes within the strong
spiral density waves immediately exterior to inner Linblad resonances will be discussed in section
4.5. These spiral density waves have a radial wavelength which decreases as a function of distance
from the exact resonance due to the dampening provided by the rings self-gravity (Rappaport et al.
2009) but is generally less than ~ 10 km. Further, the radial location of the peaks and troughs of the
wave varies with azimuth in a spiral pattern which corotates with the perturbing moon. Modeling the
properties of self-gravity wakes in these waves requires higher resolution optical depth profiles than
were presented in Jerousek et al. (2016) which were binned to 10 km radial resolution in order to
increase the signal to noise ratio. These profiles also must each be shifted radially, according to the
time and longitude of the observation so that occultations at multiple viewing geometries sample the
portion of the wave with similar dynamical and photometric properties.
Throughout much of the B ring, optical depths are large enough to be indistinguishable from
infinity except to the brightest stars measured at relatively high ring plane incidence angles. The
geometric parameters of self-gravity wakes are most sensitive to occultations at low ring plane
incidence and in these regions, they remain undetermined. We summarize the results of modeling
the wakes in the optical thinner portions of the B ring, namely B1.
In B1 and less opaque portions of B2 (∼92,000–104,000 km), wakes are flatter and less
widely separated than in the central A ring. Intra-wake optical depths are significantly higher using
VIMS occultations and the original four-parameter model of Colwell et al. (2007) than when using
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only UVIS occultations (Figure 4.10c). We find Wake ∼ 70º and nearly constant across the B1 and
B2 regions from ∼92,000 km – 104,000 km from Saturn’s center, contrary to Colwell et al. (2007).
The differences in best-fit wake parameters which we determine when using only UVIS occultations
and those from Colwell et al. (2007) is primarily due to the larger number of observations and wider
range of viewing geometries included in our study. In some cases, the differences in best-fit gap
optical depths are too large to be due to the effects of small particle diffraction. At most radial
locations in B3 and B4 (∼104,000–117,500 km) the ring plane is essentially opaque to nearly all of
the VIMS and UVIS occultations at incidence angles below B ∼ 60º and the best-fit wake parameters
determined by our 5-parameter model are poorly constrained. In B5, the outermost 1000 km of the
B ring, H/W and S/W are similar to those found in the less opaque portions of B2, albeit with
substantially smaller gap optical depths. Jerousek et al. (2016) found no evidence of a sub-cm
particle population in the flat lower optical depth region centered at ∼95,000 km with best-fit τsmall,
consistent with a non-detection. B ring best-fit wake parameters from the combined model of
Jerousek et al. (2016) as well as those determined by modeling the VIMS and UVIS data sets
independently are shown in Figure 4.10.
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Figure 4.10. B ring self-gravity wake parameters and minimum particle size (amin) determined by
Jerousek et al. (2016).
Best-fit H/W (a), S/W (b), τGap (c), Wake (d), and τSmall/τGap and amin (e) throughout the B Ring. The
normal optical depth profile from the occultation of the bright star α Arae (rev 32) is overplotted
(solid green). The optical depth is indistinguishable from infinity at τN ∼ 4.5, where the profile is
flat. This illustrates the regions within the B ring where wake parameters are poorly constrained
since the ring plane is opaque to nearly all of the VIMS and UVIS occultations.
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Though the best-fit parameters of Jerousek et al. (2016) where determined by minimizing
the RMS sum of squared residuals in transparency, we present these values weighted by the
individual statistical variances in Poisson counting statistics of the occultation data and reduced ν
(defined in section 3.3.4), giving the reduced chi-squared statistic, χ2, in Figure 4.11. The squared
differences in measured and model-derived transparencies were weighted by their individual errors
in counting statistics given by Eqs. (2.6 and 2.7) and by ν (Equation 3.21) where the number of model
parameters is five for the granola bar model (black, red) and six for the “Combined” model (blue).
The number of modeled occultations varies radially but is typically on the order of 100 in the A ring.
In B1 and throughout the A ring, the combined model of Jerousek et al. (2016) gives χ2 ~ 0.5
– 1.5. In B2-B5 χ2 < 1 indicating that the model is over-constraining the data. This is because we
have many occultations but the ring plane is essentially opaque to all but occultations of the brightest
stars. The minimization routine does find local minima in the parameter space, which can by seen in
cross-sections of the matrix of RMS residuals in transparency shown at a ring plane radius of 133,000
km in figure 48.

Figure 4.11. χ2 throughout the A and B rings from Jerousek et al. (2016)
The reduced chi-squared statistic, χ2, determined using the granola-bar model of Colwell et al.
(2006, 2007) and UVIS occultations (black), VIMS occultations (red), and the “Combined”
diffraction model, combining both VIMS and UVIS occultations (blue). In B2 and B3 the model
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is over-constraining the data since we have many occultations but the ring plane is essentially
opaque to all but occultations of the brightest stars.

Figure 4.12. Cross-sections of the matrix of root-mean-square post-fit residuals in T from Jerousek
et al. (2016)
RMS residuals in T are plotted versus the various wake parameters at a radial location of 133,000
km showing the relative sensitivity of the model over the range of the five free parameters. The
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best-fit model parameters (asterisks) at this radial location where H/W ∼ 0.22, S/W ∼1.9, τGap ∼
0.13, Wake ∼ 65o, and τSmall ∼ 0.013 (corresponding to amin ∼4.7 mm).
4.4 Best-fit Particle Size Distribution Parameters
Between Self-gravity Wakes

4.4.1 A Ring
While Jerousek et al. (2016) incorporated VIMS and UVIS occultation data to constrain the
sub-cm particle population in ring regions dominated by self-gravity wakes, their determination of
amin relied on the other size distribution parameters (q, amax, and n0) determined by Zebker et al.
(1985) using the Voyager 1 radio occultation. By incorporating RSS X-band, Ka-band, and S-band
occultations, we independently constrain these remaining size distribution parameters.
Incorporating the single-scattering model of the many particle-thick ring, with the
rectangular cross section self-gravity wake model, the transparency is given by
𝑆

𝑇=𝑊

𝐻
𝑊

− |sin(𝜙−𝜙𝑤𝑎𝑘𝑒 )|cot(𝐵)
𝑆
+1
𝑊

∞

𝑒 − ∫0

𝑄(𝑎,𝜆)𝜋𝑎2 𝑛(𝑎)𝑑𝑎

.

( 4.5 )

The integral over the size distribution now gives the normal optical depth of the gaps between
opaque self-gravity wakes. The typical length scale of the wakes, the Toomre critical wavelength is
larger than the largest individual particles that contribute to the optical depth in the A and B rings,
and significantly larger than the wavelengths observed by the stellar and radio occultations used in
this study and the wakes are not truly granola bars with knife edges, therefore we ignore the
diffraction effects of the wakes themselves. Estimates of the wake thickness in the A and B ring can
be derived from the best-fit H/λ (Hedman et al. 2007) or H/W and S/W (Colwell et al. 2006, 2007)
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together with the Toomre critical wavelength. These estimates suggest that the wakes are from
several to ten meters in vertical extent, more like a monolayer at least for the largest particles, than
a many-particle thick homogeneous cloud (Hedman et al. 2007, Colwell et al. 2006). At this point it
is also worth noting that best-fit gap optical depths are τGap ~ 0.2 – 0.4, with the lower bound similar
to the average optical depths in the center of the background C ring. In section 3.4 we found that the
N thin-layers multiple scattering model did not fit the measured C ring optical depths as well as the
single-scattering, many-particle-thick ring model. However, the vertical structure of the rings may
be quite different in regions of the rings where self-gravity wakes dominate and it is valuable to test
the assumptions of the N thin-layers model again in these ring regions.
Assuming than S/W is sufficiently large (≳1) that scattering between wake and gap particles
contributes little to the measured signal and that the wake optical depths are sufficient that the particle
aggregates can be treated as completely opaque, we can combine the N thin-layers model with the
rectangular cross-section self-gravity wake model. We replace the integral in equation (4.5) with
equation (3.10) for optical depth including multiple scattering between N particle monolayers and
also assuming that the wakes can be treated as opaque giving
𝑆

𝑇=𝑊

𝐻
𝑊

− |sin(𝜙−𝜙𝑤𝑎𝑘𝑒 )|cot(𝐵)
𝑆
+1
𝑊

1

∞

[1 − 2μ𝑁 ∫0 𝑄(𝑎, 𝜆)𝜋𝑎2 𝑛(𝑎)𝑑𝑎]

−2μ𝑁

, ( 4.6 )

where the gap transparency has been replaced with the transparency of a thin ring derived by Zebker
et al. (1985). In the next section, we compare the results of fitting these two models to the multitude
of available optical depth profiles.
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Figure 4.13 shows best-fit amin, amax, and q, using the single-scattering, many particle-thick
ring (equation 4.5) throughout the A ring. In the outer A ring, the best-fit minimum particle radius,
amin, is in agreement with the results of Jerousek et al. (2016) as well as other recent studies by
Becker et al. (2015) and Harbison et al. (2013) who found minimum particle sizes of 4-5mm in the
outer A ring. We find a trend of decreasing minimum particle size throughout the A ring with the
largest amin ~ 2 – 2.5 cm in the inner A ring, decreasing to 1.5 cm throughout the central A ring and
again to 4 – 5 mm in the trans-Encke region. Our best-fit amin between the self-gravity wakes in the
inner and central A ring shows a similar trend to the findings of French and Nicholson (2000) who
used Earth-based observations at 3.9, 2.1, and 0.9 μm wavelengths combined with the Voyager PPS
stellar occultation of δ Scorpii to constrain the size distribution parameters. However, French and
Nicholson (2000) did not model the effects of self-gravity wakes in their work. They also determine
the surprisingly large value of amin ~30 cm in the inner A ring, (though their central A ring
determination of amin ~ 1 cm is largely consistent with other studies). Our best-fit amax, (~1-2 m) is
quite different from those derived by Marouf et al. (1983) and Zebker et al. (1985) who found amax
~ 9 -11 m, and French and Nicholson (2000) who found amax ~ 20 m throughout the A ring. None
of these studies accounted for the presence of self-gravity wakes. and certainly this, at least in part
explains their larger determination of amax. We interpret our best-fit amax as the largest particles
between the opaque wakes, however as previously mentioned, the self-gravity wakes in Saturn’s
rings are obviously not truly rectangular slabs of infinite length, thus it may be that we are sampling
the particle size distribution in part in the wakes and in part in the gaps between the wakes. Best-fit
q are in good agreement with Marouf et al. (1983), Zebker et al. (1985), Showalter and Nicholson
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(1990), and French and Nicholson (2000). We find a linear trend of increasing q with ring plane
radius with the smallest value of q ~ 2.85 at ~ 122,500 km and the largest in the trans-Keeler region
of the outer A ring where q ~ 3.25. Best-fit q are substantially lower throughout the inner and central
A ring than in the C ring with q ~ 2.85 but similar to the best-fit power-law index in B4.
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Figure 4.13. Best-fit power-law size distribution and geometric self-gravity wake parameters
throughout Saturn’s A ring.
Parameters were fit to UVIS, VIMS, and RSS X, S, and Ka-band optical depth profiles at ~ 80 km
radial resolution. Single scatter power-law size distribution parameters are shown in (a-d). particle
aggregate geometric parameters from the rectangular cross-section wake model are shown in (e)
and (f). (e) shows the height to width ratio, H/W, in black and the particle aggregate orientation
angle, Wake in magenta. Optical depth profiles from the UVIS occultation of α Arae (rev 32)
Ingress are shown in green. The geometric properties of particle aggregates where only modeled
in the C ring plateaus, the triple band feature of the Cassini Division and the A and B rings, where
there is significant evidence that particle aggregation imposes a viewing geometry dependence on
normal optical depth.
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Using the single-scattering ring model together with the rectangular cross-section selfgravity wake model we fit all the optical depth profiles with B larger than 10º. Occultations with B
< 10º are not as well fit by either the elliptical cross-section or rectangular cross section self-gravity
wake models as the effects of the vertical organization of the largest ring particle become more
apparent at these very low incidence angles. We find the reduced chi-squared statistic ranges from
χ2 ~ 1 – 6 indicating a reasonable fit, but poorer in the Central A ring than in the C ring. Although
many more parameters (7 as opposed to 4) must be fit in order to remove the effects of the selfgravity wakes the goodness-of-fit statistic, χ2, is reduced by the number of occultations less the
number of degrees of freedom in the model minus one. The similar orders of magnitude of the
goodness-of-fit thus indicate that the model captures the variation in the data similarly well as to the
simple single-scattering model in the C ring. Figure 4.11 shows the reduced χ2 statistic throughout
the A ring.
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Figure 4.14. χ2 throughout Saturn’s main rings using the single-scattering, rectangular slab wake
model.
4.4.2 B ring
Throughout B1 we find best-fit power-law index of q ~ 3.1, larger than in the inner and
central A ring where q ~ 2.9 and self-gravity wakes also dominate and larger than the power-law
index determined by French and Nicholson (2000) who found q ~ 2.75. Also unlike French and
Nicholson (2000) who found amin ~ 30 cm, we find a significant sub-cm particle population in B1,
with a mean best-fit lower cutoff particle radius of amin ~ 5 mm. Neither Marouf et al. (1983) nor
Zebker et al. (1985) determined particle size distribution parameters in the B ring, largely due to the
high optical depths measured by the Voyager 1 radio occultation. Though our method of determining
particle size parameters is least sensitive to amax, our best-fit maximum particle size in B1 is also
similar to those found in the central A ring and the C ring with amax varying between several and 10
m. In B2 and B3 there are few regions where the ring is transparent enough to measure a signal at
all wavelengths and many viewing geometries. In the few transparent portions, we find lower power
law index q ~ 2.75 with larger smallest particles, amin ~ 2 cm, and largest particles, amax ~ 10 –
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20 m. We find a trend of decreasing maximum particle size with radial distance throughout B4. In
B5 we find the smallest particle radius upper cutoff, amax ~ 2 m. The outermost region of B5 is
where “straw”, particle aggregates many tens of kilometers in length, are seen in Cassini ISS images
(shown in section 5.2.3). Best-fit simple size distribution and self-gravity wake parameters
throughout the B ring are shown in Figure 4.15. Reduced χ2 is generally larger in B2 – B5 and in the
flat spot of B1, compared with the C ring and the central and outer A ring. In B2 and B3 χ2 > 10,
indicating a poor model fit in the few points where the normal optical depth is distinguishable from
infinity to enough stellar occultations to fit the seven model parameters. Reduced χ2 throughout the
B ring are shown in Figure 4.16.
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Figure 4.15. Best-fit power-law size distribution and geometric self-gravity wake parameters
throughout Saturn’s B ring.
Parameters were fit to UVIS, VIMS, and RSS X, S, and Ka-band optical depth profiles at ~ 80 km
radial resolution. Single scatter power-law size distribution parameters are shown in (a-d). particle
aggregate geometric parameters from the rectangular cross-section wake model are shown in (e)
and (f). (e) shows the height to width ratio, H/W, in black and the particle aggregate orientation
angle, Wake in magenta. Optical depth profiles from the UVIS occultation of α Arae (rev 32)
Ingress are shown in green. The geometric properties of particle aggregates where only modeled
in the C ring plateaus, the triple band feature of the Cassini Division and the A and B rings, where
there is significant evidence that particle aggregation imposes a viewing geometry dependence on
normal optical depth.
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Figure 4.16. χ2 throughout Saturn’s A ring using the single-scattering, rectangular slab wake
model.

Figure 4.17. Comparison of goodness-of-fit between single scattering (simple power-law) and
multiple scattering models (N-thin-layers model).
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Figure 4.18. Best-fit parameters from the N thin-layers model and the rectangular slab self-gravity
wake model.

4.5 Particle aggregation and size distribution parameters
in the troughs of spiral density waves.
Spiral density waves driven by strong resonances with Saturn’s moons are ubiquitous
throughout the rings. They originate at strong Linblad resonances (LR’s) and consist of ring density
variations that propagate toward the perturbing satellite at speeds on the order of ~ 10km/year. The
peaks and troughs of the density variations trace a tightly wound spiral pattern azimuthally around
the rings in a frame corotating with the perturbing moon. These waves dampen through collisions
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between rings particles and thus transport angular momentum from the ring to the moon (inner
Linblad resonance) or from the moon to the ring (outer Linblad resonance). As spiral density waves’
amplitudes dampen out, their radial wavenumbers, k decrease linearly to zero over a radial scale of
~ 100 km but this scale depends on the local surface mass density of the rings. In this section, we
highlight the dynamical phenomena necessary to determine the proper local measurements necessary
to constrain the particle size distribution and self-gravity wake structure in their first and longest
wavelength. We briefly review the most important aspects of the kinematics of spiral density waves
(Lin and Shu 1964, Goldreich and Tremaine 1978b, Goldreich and Tremaine 1982, Borderies et al.
1982, Shu 1984, Shu et al. 1985, Longaretti and Borderies 1986, and Borderies et al. 1986) to justify
to the reader the comparison of occultation optical depths measured at different radial distances from
Saturn. We first develop the concept of streamline (Borderies et al. 1982, Rappaport et al. 2009),
where all particles at a given semi-major axis are part of the same streamline and adjacent streamlines
are tightly packed at spiral density wave peaks and more rarefied at density wave troughs. To
measure the particle size distribution along a given streamline we must radially offset each
occultation profile.
Outward propagating spiral density waves are driven by inner Linblad resonances (ILRs)
with moons orbiting exterior of the resonance location. Near these resonances the eccentricity of the
ring particles’ orbits is periodically forced by the moon’s varying gravitational potential. For Linblad
resonances which drive spiral density waves, the simplest way to express the resonance condition is
in terms of the ring particle’s frequency of inward and outward excursions due to its eccentric orbit
also called its epicyclic frequency, κ as
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𝑚(n − Ω𝑝 ) = ±𝜅,

( 4.7 )

where m is an integer, Ωp is the angular speed of the perturbing potential, n is the mean
motion or orbital angular velocity of the test particle. The ± refers to resonances which lie interior
to the perturbing moon, inner Linblad resonances (ILRs) and those exterior to the satellite, outer
Linblad resonances (OLRs) respectively. Since the moons which we consider in this study all orbit
outside of the main rings, we need only discuss ILRs. If the perturbing potential is due to an orbiting
moon with semi-major axis, a´, its orbit has a set of frequencies n´ (the satellite’s mean motion), κ´
(the satellite’s radial or epicyclic frequency), and ν´ (the satellite’s vertical frequency). If the
satellite’s perturbing potential is expanded in a Fourier series, then Ωp is the angular frequency in
some reference frame where a particular argument in the expansion is stationary and it is a linear
combination of the satellite’s various orbital frequencies:
𝑚Ω𝑝 = 𝑚𝑛′ + 𝑘𝜅 ′ + 𝑝𝜈′

( 4.8 )

m, n, and k are integers with m positive (Murry and Dermott 1999). Because of Saturn’s oblateness,
it is not appropriate to assume that n´= κ´. Lissauer and Cuzzi (1982) give technique a for determining
the locations of resonances by iteratively solving equation 4.7 using the following equations for the
satellite’s mean motion, n´ and epicyclic frequency, κ´:
𝑛′ =
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( 4.10 )

M and RS are Saturn’s mass and radius respectively and the Ji are the zonal harmonics of the
expansion of Saturn’s gravitational potential.
The condition for a first-order Linblad resonance can be expressed by stating that the
resonant angle given by Murry and Dermott (1999):
𝜑𝐿𝑟 = 𝑗(𝜆 − 𝜆𝑠 ) − (𝜆 − 𝜛)

( 4.11 )

is constant. In equation ( 4.11 ) j = m + k + p. The order of the resonance is given by |k + p ±1| and
for first order resonances, k = p = 0. λ - λs represents the difference in longitude between the particle
and the perturbing satellite and is zero at conjunction, while λ -  represents the true anomaly, the
particle’s longitude from pericenter. At an (m + k):(m – 1) resonance, particles at a given semi-major
axis, a, will follow an m-lobed pattern in the frame corotating with the pattern speed, Ωp. This mlobed pattern is referred to as a streamline and in Saturn’s rings, assuming collisions between ring
particles are negligible, those particles with the same semi-major axis, a, follow the same streamline.
The m radial minima in the streamline occur at the ring particle’s longitude of periapse in frame
corotating with the perturbing potential. At a given semi-major axis, a, and longitude, , the m-lobed
pattern deviates from a perfect circle by an amplitude equal to the product of the particles’ semimajor axis and their forced eccentricity, ae. The m-lobed streamline is also shifted in longitude in
the frame corotating with the perturbing moon. This streamline’s longitudinal phase lag, Δ, is a
function of both the longitude from the perturbing moon and the particle’s semi-major axis and
causes neighboring streamlines to approach and potentially cross each other m times around the
rings. Rappaport et al. (2009) give the equation for the streamline in the unperturbed coordinates
centered on the primary (Saturn) as:
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𝑟(𝑎, 𝜙) = 𝑎[1 − 𝑒(𝑎) cos(𝑚𝜙 + 𝑚Δ(a))].

( 4.12 )

Where e(a)<<1 is the eccentricity and assumed to be only due to the resonant forcing from
the perturbing potential.  is the unperturbed azimuth of the ring particle in the frame corotating with
the moon and Δ(a) is a phase difference. Δ(a) can be thought of as the angle through which the mlobed pattern is rotated when moving from one streamline to the next adjacent streamline (Rappaport
et al. 2009). The azimuthal coordinates of the streamline are given in term of their unperturbed
longitude and semi-major axis by:
𝜃(𝑎, 𝜙) = 𝜙 +

2Ω𝑒(𝑎)
𝜅

sin(𝑚𝜙 + 𝑚Δ(a))

( 4.13 )

If we ignore the increased dampening of the forced eccentricity with increasing a (from one
streamline to the next), it is clear that any variation in the phase lag Δ(a) with a brings adjacent
streamlines closer together and further apart at m longitudes around the rings. The decrease in forced
eccentricity, e also has an effect on the proximity of adjacent streamlines. Thus, the spiral density
wave pattern, which is static in the frame corotating with the perturbing potential, describes the
regions outside of the resonance where streamlines are packed more closely and the surface mass
density of the rings is locally enhanced. Though the pattern is static in the corotating frame, from
moment to moment, different ring particles occupy a given peak or trough. Figure 4.19 shows a
diagram of successive streamlines immediately exterior to a moon-triggered inner Linblad
resonance.
The radial compression of the ring material is found by differentiating the streamline radius
with respect to unperturbed semi-major axis. Rappaport et al. (2009) give this horizontal
compression, J, in terms of the quantity, q which is less than 1 if adjacent streamlines do not cross.
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𝜕𝑟

𝐽 = 𝜕𝑎| = 1 − 𝑞𝑐𝑜𝑠(𝑚𝜙 + 𝑚Δ + 𝛾),

( 4.14 )

𝜙

where q can be determined iteratively using
𝑑𝑒

𝑑Δ

𝑞𝑐𝑜𝑠𝛾 = 𝑎 𝑑𝑞 , 𝑞𝑠𝑖𝑛𝛾 = 𝑚𝑎𝑒 𝑑𝑎.

( 4.15 )

J (equation 4.14) is directly proportional to the normal optical depth with τ = τ0/J, therefore we can
describe the radial optical depth profile at longitude  relative to the perturbing moon as
𝜏(𝑟, 𝜙) = 𝜏0 + Δ𝜏 cos(𝑚𝜙 + 𝑚Δ + 𝛾).

( 4.16 )

Rappaport et al. (2009) define the phase function as:
𝑓 = 𝑚Δ(a) + 𝛾(𝑎),
from which one can determine the radial wave number, 𝑘 =

( 4.17 )
𝑑𝑓
𝑑𝑎

.

In our study, we are concerned with finding the radial offset of locations where the horizontal
compression is minimal (the optical depth troughs of the spiral density waves) as a function of the
longitude relative to the perturbing moon, 𝜙 = 𝜆 − 𝜆𝑠0 − Ω𝑝 (𝑡 − 𝑡0 ). Optical depth peaks occur
where 𝑚𝜙 + 𝑚Δ + 𝛾 = 2𝑙𝜋, where l is an integer. Rappaport et al. (2009) also note that in the
WKB approximation, (weak forcing), γ ~ π/2 outside the first wavelength and that the variation in
mΔ is much larger than the variation in q, e, or σ0, the unperturbed surface mass density outside the
wave.
As the tightly wound spiral propagates radially away from the resonance, the wave dampens
and the wavelength decreases nearly linearly with distance from the resonance. Borderies et al.
(1986) give the spiral density waves dispersion relation as
𝜏
𝜎

𝑎−𝑎𝑟𝑒𝑠

(

𝑎𝑟𝑒𝑠

2𝜋𝐺𝜏

𝜏

0
2
2 2
) = (3(𝑚−1)𝑛
2 ) [|𝑘|𝐶(𝑞) − 2𝑘 𝐻′(𝑞 )𝑐 𝜎 ],
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( 4.18 )

where k is the radial wavenumber, τ0 is the background (unperturbed) optical depth, σ is the
(unperturbed) local surface mass density and the terms C(q) and H’(q2) are given by the following
expressions:
4

∞

𝐶(𝑞) = 𝜋 ∫0 𝑑𝑢

sin2 𝑢
𝑢2

𝐻 ′ (𝑞 2 ) =

𝑞 2 sin2 𝑢

𝐻′ (

1−√1−𝑞2
𝑞 2 √1−𝑞 2

𝑢2

),

( 4.19 )

,

( 4.20 )

which result from deriving the acceleration due to self-gravitation between massive
particulate streamlines.
Considering the effects of Saturn’s oblateness on the perturber, Hedman and Nicholson
(2013) give the factor 𝑚Δ at distances significantly far from the resonance where the variation in
surface mass density is well-described by the linear theory of spiral density waves (Lin and Shu
1964):
𝑚Δ ≈ [3(𝑚 − 1) +

21
2

𝑟

2 𝑀 (𝑟−𝑟 )2
𝑠
𝑟𝑒𝑠

𝐽2 (𝑟 𝑠 ) ]
𝑟𝑒𝑠

4
4𝜋𝜎0 𝑟𝑟𝑒𝑠

+ 𝜙0 ,

( 4.21 )

where J2 = 1.62907110-2 (Jacobson et al. 2006) is the first zonal harmonic of Saturn’s gravitational
field, Ms = 5.6831026 kg (Jacobsen et al. 2006) is the mass of Saturn, rs = 60,330 km (Kliore et al.
1980) is the radius of Saturn, σ0 is the local surface mass density of the rings, rres is the radius of the
Linblad resonance and 0 is a constant.
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Figure 4.19. Cartoon of particle streamlines outside the Janus 6:5 inner Linblad resonance.
The cartoon shows the streamlines of ring particles at various radial distances from the exact
resonance, rres in the frame of reference corotating with the moon Janus. At the location of the
m:m-1 (6:5) inner Linblad resonance, the ring particles make m = 6 inward and outward excursions
of ae and the streamline is an m-lobed (6-lobed) pattern in the frame corotating with the moon.
Adjacent streamlines are shifted in phase in both radius and longitude by Δ(a) such that their
closest approach to each other traces a 6-lobed trailing spiral in the frame corotating with Janus.
Spiral density waves wrap many times around Saturn and therefore a radial optical depth profile
appears as an outward propagating wave train in the inertial frame. Though this cartoon does not
properly show the scale or the number of windings of the spiral pattern, a hypothetical occultation
profile that remains inside the first trough of the wave would have to follow the green line (a spiral
in the rotating frame).

To determine particle properties in troughs of density waves using stellar occultations taking
place at different times and ring longitudes, the occultations must be shifted radially so optical depths
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in similar ring regions are compared. The radial offset required to align the troughs of the density
waves is given by equation (4.21). We fit the radial offset of occultations versus their longitude
relative to the perturbing moon modulo 360º/m to a linear trend. This radial offset aligns the first
optical depth minima off the occultations at different longitudes. Figure 4.20 shows many radially
aligned VIMS and UVIS occultations of the Janus 6:5 density wave and the best-fit radial offset
determined by fitting the radial shift versus corotating longitude to a linear trend.
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Figure 4.20. Numerically aligned density wave peaks and troughs at the Janus 6:5 resonance.
To radially align the first several peaks and troughs of spiral density waves, we fit the first optical
depth minima to a linear trend of longitude relative to Janus modulo 360º/m. UVIS occultations
are shown in black and VIMS occultations are in red. Though the troughs of the Janus 6:5 spiral
density wave are aligned, resonances with other moons in the vicinity are not since the pattern
speed of these other spiral waves corotates with different moons. For the Janus/Epimetheus
resonances, we first remove occultation data of the soliton feature (Rehnberg et al. 2016) which
develops from the swap in semi-major axis of the two moons every 4.00 years.

The particle size distribution parameters and self-gravity wake parameters are then fit to the
occultation optical depths at two points in the phase of the wave, the first to optical depth minima.
We do not attempt to fit the optical depth peaks which are sharp due to the nonlinearity of the waves.
The sharp peaks are also in some cases too optically thick to measure the occulted star signal in many
of the occultations. Table 4.1 lists the best-fit parameters in the first two troughs of a selection of
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strong A ring spiral density waves. The goodness-of-fit statistic, χ2, is larger by a factor of several in
all of the A ring density wave troughs we studied. This, together with larger gap optical depth likely
indicates the disruption of self-gravity wake formation inside the waves. “Straw” seen in Cassini
ISS images of the first several troughs of some strong density waves are particle aggregates several
orders of magnitude larger than self-gravity wakes. Esposito et al. (2012) claim these substantial
masses are capable of accelerating small particles away from the strong resonances and that this may
at least in part explain the existence of the A ring halos. These ISS images together with our poorer
self-gravity wake model fits compared to elsewhere in the A ring may suggest that a qualitatively
different clumping phenomenon is taking place in the troughs of the strong A ring density waves.

Table 4.1. Self-gravity wake parameters and minimum particle size in spiral density wave troughs.
Density Wave

Res. Radius (km)

Janus 4:3

125,285

Janus 5:4

130,710

Mimas 5:3

132,240

Janus 6:5

134,195

Pandora 13:12

134,400

Prometheus 19:18

134,480

H/W

S/W

τGap

Wake

amin (mm)

amax (m)

q

χ2

0.98
0.96
(0.14)
0.10
0.11
(0.17)
0.04
0.10
(0.16)
0.10
0.46
(0.15)
0.18
0.11
(0.16)
0.18
0.13
(0.13)

0.28
0.28
(1.5)
0.34
0.34
(2.1)
0.34
0.50
(2.1)
6.5
2.5
(2.2)
1.1
1.6
(2.4)
1.5
1.6
(1.6)

0.30
0.22
(0.22)
0.25
0.31
(0.21)
0.23
0.25
(0.21)
0.42
0.56
(0.29)
0.16
0.18
(0.31)
0.16
0.18
(0.26)

76
61
(70)
65
39
(70)
85
61
(70)
84
60
(62)
50
70
(62)
70
70
65

4.0
2.0
(26.0)
40.0
13.0
(3.2)
3.7
4.0
(8.7)
38.0
39.0
(3.4)
4.0
2.0
(4.2)
4.0
2.0
(3.4)

20
20
(7.3)
7.1
4.2
(12)
2.5
5.2
(1.4)
2.7
6.5
(6.4)
8.4
10.0
(1.0)
7.0
12.0
(1.5)

2.8
2.9
(2.8)
2.7
2.9
(3.0)
2.8
3.5
(3.0)
2.6
3.0
(3.1)
3.2
3.2
(3.2)
3.2
3.1
(3.1)

58
59
(1.1)
48
65
(0.61)
25
3.0
(2.0)
7.5
10.9
(0.53)
1.5
7.5
(2.1)
4.0
6.5
(8.9)

χ2 in the first two troughs of A ring spiral density waves indicates a better model fit outside the
spiral density waves rather than in the first two troughs. The three numbers listed for each of the
best-fit parameters are those best-fit parameters in the first density wave trough, the second density
wave trough, and the mean best-fit parameters outside the wave in parenthesis.
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In the halos that extend several hundred kilometers from the strong A ring resonances, the
self-gravity wake parameters, H/W, S/W, τGap, and Wake are quite different from the surrounding
regions of the A ring, while individual optical depths measured by stellar occultations do not show
the same variations (except for those occultations at low B angles). These halos extend outward
several hundred kilometers from the strongest inner Linblad resonances (ILRs) and were first
observed in VIMS reflectance spectra taken during Cassini’s Saturn orbit insertion in July, 2004
(Nicholson et al. 2008). We do not find a significant difference in the particle size distribution in
these halos, suggesting that in these regions, self-gravity wake formation may be disrupted, but
smaller particles are not liberated from the surfaces of the larger particles in the process.

4.6 Size distribution parameters in the C ring plateaus
and triple band feature of the Cassini Division
The C ring plateaus are curious ringlets embedded within a lower optical depth background.
To date, there is no known confining mechanism for their edges which show an abrupt change in
optical depth by an order of magnitude over a radial scale of < 10 km. Measurement of the dispersion
of spiral waves using wavelet methods gives derived surface mass densities which are similar to
those found outside the plateaus in the background C ring (Hedman and Nicholson 2014). The C
ring plateaus’ radial optical depth profiles are typically characterized by a “U”-shape, where the
optical depth peaks at their edges and decreases by up to half in their centers. Comparing optical
depth profiles at different incidence angles and wavelengths, one can see that the characteristic “U”shape is not present for all plateaus at all wavelengths and at all incidence angles, B. When one sees
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the characteristic “U”- shape, it is more pronounced at longer wavelengths than shorter wavelengths
and at higher incidence angles than lower incidence angles. Five plateaus are shown at 1-km radial
resolution at multiple wavelengths and B angles in Figure 4.21.
If the rings can be considered a homogenous many-particle thick slab of particles, the normal
optical depth can be calculated by correcting for the path length through the intervening material by
the factor μ = sin|B|. UVIS normal optical depths are shown versus B in Figure 4.22. However, we
saw that this assumption breaks down if the ring is dominated by self-gravity wakes in section 4.2.
This assumption also breaks down if the ring can be thought of as one or several stacked particle
monolayers. One might expect to measure larger optical depths at higher ring plane incidence angles
as the number N of stacked monolayers increases. Thus, one possible explanation of the behavior
of the optical depth “spikes” at the plateaus edges is that the ring is more vertically extended than in
the plateaus’ centers.
In chapter 3, we discussed how in most cases, χ2 corresponding to the best-fit parameters in
the C ring plateaus was larger by a factor of several when fitting the simple or “broken” power-law
size distribution assuming single particle scattering or when fitting the N thin-layers model of Zebker
et al. (1985) and considering multiple scattering between the particle monolayers. Further, UVIS
normal optical depths vary significantly with ring plane incidence angles below B~25º in all of the
C ring plateaus and images from the Cassini ISS narrow angle camera which track with the particle
motion show significant elongated structures in both P1 and P5 (Figure 4.23). We attempt to model
and remove the geometric effects imposed by these elongated particle aggregates and better fit the
power-law size distribution parameters.
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Figure 4.21. Several C ring plateaus in VIMS, UVIS, and RSS X band optical depth at 1 km radial
resolution.
The C ring plateaus are characterized by their “U”-shaped appearance in optical depth with peak
opacity near their edges. These spikes are not seen at all wavelengths and at all ring plane
incidence angles. (upper left) P1 and P2 show the “U”-shaped optical depth profile characteristic
of the C ring plateaus in RSS X-band, UVIS, and VIMS occultations and at ring plane incidence
angles ranging from ~5º - 56º however plateaus P4 (upper right) and P5 (lower left) only have this
characteristic shape at high incidence angles while at lower incidence angles the plateaus’ edges
appear more rounded. P7 (lower right) has a significantly more pronounced “spike” in optical
depth at its inner edge which appears to be more pronounced in X-band (λ = 3.6 cm) than in VIMS
(λ = 2.9 μm) or UVIS (λ = 0.15 μm) optical depths.
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Figure 4.22. UVIS normal optical depths versus ring plane incidence angle, B in plateau, P5.
The ring plane incidence angle of the rev 7 radio observations used in this study is shown in red
(B = 23.5º) below this point, normal optical depth is not constant over the range of incidence
angles.

Baille et al. (2011) studied high resolution UVIS occultation profiles of the C ring plateaus,
finding locations at small as ~ 40 m where the unocculted star signal was directly measured inside
the optically thick C ring plateaus. They speculated that holes in the ring material which they refer
to as “ghosts” were events in the time series where the occultation crossed the propeller-shaped gap
in azimuth opened by a ring particle several orders of magnitude larger than the largest particles that
contribute significantly to the measured optical depth. Studies of the skewness of the time series of
occultation data by Cooney et al. (2013) indicate that the C ring plateaus are indeed dominated by
“holes” in a mean background of particles. Skewness is the third statistical moment of the
distribution of measured signal and determines the amount by which a statistical distribution is
“skewed” to the left or to the right. by Cooney et al. (2013) found a positive skewness in the C ring
plateaus indicating that in the time series of a stellar occultation of the C ring plateaus measurements
with photon counts larger than the mean occurred more frequently than photon counts smaller than
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the mean. This suggests that occasionally, an occultation encounters a region of the rings where the
optical depth over the integration area (the Fresnel scale smeared by the motion of the spacecraft due
to its orbital motion) is near zero. We therefore model the structure of the C ring using the rectangular
cross-section wake model of Colwell et al. (2006, 2007), to determine the geometric properties of
the much larger “straw”-like elongated structure which is seen in ISS images and aligned to the
direction of orbital motion (Figure 4.23). Unlike in the A and B rings where we assume wakes that
are essentially infinitely opaque, in the C ring plateaus, we instead assume that the “holes” are
completely transparent, thus the intra-wake or gap optical depth, τGap, is zero and the optical depth
of the rest of the ring material, represented by the inter-wake optical depth τWake is a free parameter.
We also assume an orientation angle, Wake = 90º, the direction of orbital motion, based on the ISS
images. In P1 and P5 we find an auto-covariance length scale of UVIS HSP counts of ~ 1000 m and
~ 700 m in radius respectively with “holes” that are several orders of magnitude smaller in radial
width. Thus, the presence of holes imposes geometric dependence on the observed optical depth at
very low incidence angles. We therefore attempt to fit occultations with B< 25º.
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Figure 4.23. “Straw”-like streaky texture in the C ring plateaus from Tiscareno et al. (Submitted
2018).
(top) Image from the Cassini ISS narrow angle camera (NAC), on the lit side of the rings at 0.33
km/px, showing Plateau P1 and its environs in the C ring, with three different textures in close
proximity to each other. (bottom) an image from the Cassini ISS narrow angle camera showing
Plateau P5 in the C ring on the unlit side of the rings at 0.44 km/px. These images were taken with
the NAC slewing along with the Keplerian motion of the ring particles. A strip through the middle
of each image has been filtered by subtracting the average radial profile of the image, so that local
structures and textures are more visible. Image credit: NASA/JPL-Caltech/Space Science Institute.

In the C ring plateaus, we find a generally narrower size distribution with smaller power-law
index than in the background C ring. With the exception of P1 where we find q ~ 3.05, best-fit q ~
2.95 in all of the C ring plateaus which are broad enough to sample at 80-km resolution. We find
smaller amin and smaller amax in the C ring plateaus compared with the background C ring with amin
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~ 1 – 2 mm and amax ~ 2 – 4 m. Studies of spiral density wave dispersion by Hedman and Nicholson
(2013, 2014) found similar surface mass densities in the C ring plateaus and the background C ring
even though the optical depth of the C ring plateaus is larger by an order of magnitude. One
explanation for this large difference in optical depth is a difference in the particle properties, either
their sizes or composition and albedo. The smaller best-fit maximum particle size in the plateaus
compared with the background C ring is consistent with larger optical depths provided the surface
mass density is constant, since the smaller particles have a larger total cross-sectional area. The
smaller maximum particle size is also consistent with studies of the excess variance in UVIS optical
depth above Poisson counting statistics by Colwell et al. (2018) who found a smaller a smaller Reff
in the C ring plateaus than in the background C ring (Figure 3.9). We find that the streaky “straw”like particle aggregates seen in Cassini ISS images are highly flattened and closely spaced with intraaggregate optical depths of τGap < 0.05 and optical depths of the “straw” of τ ~ 0.4 – 0.5. Modeling
the particle aggregates which are aligned with the direction of orbital motion, we find vertically
extended particle aggregates that are widely separated. We find that the minimum particle size does
not vary significantly from the background C ring, where amin ~ 4 mm. The power law index is
slightly smaller in the plateaus compared to the background C ring. In the C ring plateaus, the power
law index is q ~ 3.0. We find smaller maximum particle sizes in the C ring plateaus compared with
the background C ring, consistent with studies of the excess variance of UVIS HSP signal beyond
Poisson counting statistics by Colwell et al. (2018). Best-fit parameters from the N-thin-layers model
in plateaus P4 – P11 are shown in Figure 4.24.
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Figure 4.24. Best-fit N thin-layers parameters for the C ring plateaus with particle aggregates
modeled using the rectangular slab wake model of Colwell et al. (2006, 2007).
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CHAPTER 5: DISCUSION

5.1 C Ring Results

5.1.1 Low Optical Depth Regions
The innermost region of the C ring from the prominent Mimas 4:1 density wave at ~74,658
km from Saturn’s center outward to the Colombo Gap centered at 77,870 km from Saturn’s center
is characterized by several embedded ringlets and several plateaus (embedded ringlets with optical
depth peaks at their edges and designated P1 – P10) with mean geometric optical depths of about τ
~ 0.15 interspersed throughout a lower optical depth background with mean geometric optical depths
of about τ ~ 0.03. In this lower optical depth region, the fractional difference between VIMS and
UVIS average optical depth is ~ 10% for occultations measured at nearly the same viewing
geometry, suggesting a significant population of sub-cm particles. Optical depths are shown in
Figure 3.11. In this region, we fit all five optical depths to within a few percent at 80-km radial
resolution, the resolution of the reconstructed Ka-band and S-band radio occultation profiles from
Cuzzi et al. (2009). We exclude the Mimas 4:1 density wave from modeling since we average optical
depths from many occultations at different azimuths and the radial locations of the peaks and troughs
of the spiral density wave pattern vary with azimuth. There are more than 30 other waves that have
been identified in occultation data throughout the C ring, but most have radial extents less than 10
km and small amplitudes (Baillié et al. 2011). An exception is the outwardly propagating wave at
86,400 km in the wide P7 plateau (28th wave in Baillié et al. 2011) which has a radial extent of ~50
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km. In the low optical depth regions (outside the embedded ringlets and plateaus) we find measured
normal optical depths do not vary with ring plane incidence angle, B beyond their statistical
uncertainty and we conclude that the effects of particle aggregation on viewing geometry is
negligible. We attempt to fit normal optical depths measured by UVIS, VIMS, and RSS X-band, Kaband and S-band occultations to the single scattering, many-particle-thick model assumed by Marouf
et al. (1983). We limit our size distribution fits to regions of the rings where τN (UVIS) ≥ 0.03,
corresponding to 97% normal transmission such that there is some detectable amount of intervening
ring material.
Throughout the C ring region, we use optical depths measured by RSS (rev 7) ingress at B ~
23.5º and  ~ 90º for X-band and reconstruct the (rev 7) ingress Ka-band and S-band optical depths
from the data provided in figure 15 from Cuzzi et al. (2009). Though there is no evidence that
viewing geometry should not play a significant role in the determination of the size distribution
parameters, we chose VIMS and UVIS occultations which most closely match the viewing geometry
of the RSS occultation. We chose the VIMS occultation of R Hydrae (rev 41) ingress at B ~ 29º and

 ~ 90º and the UVIS occultation of ε Canis Majoris (rev 174) ingress at B ~ 26º and  ~ 90º.
Throughout the lower optical depth regions of the C ring (τN < ~ 0.2) including the inner C
ring, the background C ring and the regions between the plateaus in the outer C ring, we determine
mean best-fit parameters of amin ~ 3.5 mm, amax ~ 6 m, and q ~ 3.2 with the columnar number
density of 10 cm particles per square meter given as a multiple of the geometric optical depth as n0
~ 35  τUVIS. In the background C ring from r ~ 79,000 km - ~ 84,000 km we find the best fits to this
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model with reduced χ2 ~ 1-2 and reduced χ2 greater by a factor of 2 or more in the inner C ring, the
regions of the outer C ring between the plateaus, and throughout the C ring ramp.
Our best-fit minimum particle radius, amin ~ 3.5 mm is slightly smaller than the ~1 cm
minimum cutoff radius determined by French and Nicholson (2000) but consistent with Harbison et
al. (2013) who found amin ~ 4mm in the central C ring using VIMS solar occultations. Harbison et
al. (2013) assumed the same q and amax determined by Zebker et al. (1985). Marouf et al. (1983)
and Zebker et al. (1985) were not able to constrain the minimum particle size but instead assumed a
minimum particle cutoff of 1 mm, well within the Rayleigh regime of the X-band (3.6 cm) and Sband (λ = 13.0 cm) wavelengths used in their study. Based on our study, their assumption was
reasonable though a more complete picture of the variation in size distribution parameters can put
together using occultation optical depths at five wavelengths and at many radial points throughout
the ring region. We find that the minimum particle cutoff varies inversely with the undulations in
optical depth of the background C ring by ~ ±1mm. Our mean best-fit parameters and those
determined by these previous studies are summarized in

Table 5.1.
Our mean best-fit power-law index of q ~ 3.2 is slightly larger than that found by Marouf
et al. (1983), Zebker et al. (1985), and French and Nicholson (2000) who determined q ~ 3.1
throughout the background C ring. French and Nicholson (2000) used three infrared wavelengths
and optical depths determined by the Earth-based occultation of 28 Sagitarrii. Our slightly larger
value of slightly larger value q ~ 3.2 compared to Marouf et al. (1983) and Zebker et al. (1985) may
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be at least in part explained by their underestimate of the minimum cutoff and their smaller amax ~ 5
m in the central C ring and amax ~ 4.5 m. Following a simple power-law and if amin >> λ (as is the
case for UVIS), the smallest particles cover a greater surface area and contribute more to the
extinction of starlight than the larger particles. It is important to note that both Marouf et al. (1983)
and Zebker et al. (1985) used only Voyager S-band and X-band radio wavelengths, both of which
are larger than the smallest particles. French and Nicholson (2000) who independently determined q
~ 3.1 within the inner C ring using optical depths at three infrared wavelengths were not as sensitive
to the upper cutoff radius, amax. French and Nicholson (2000) determined a best-fit amax ~ 10 m in
the central C ring, slightly larger than our best-fit upper cutoff of ~ 6 m.
While our method is not as sensitive to the upper cutoff radius in the size distribution as
Marouf et al. (1983) and Zebker et al. (1985) who used the direct inversion of the forward scattered
S-band signal to model the sizes of the largest particles, our determination of amax ~ 6 m in the
lower optical depth regions of the C ring is consistent with their sharp upper cutoff at ~ 5 m.
Using the excess variance of occultated starlight beyond Poisson counting statistics for high
resolution UVIS stellar occultations, Colwell et al. (2018) determined the cross-section weighted
particle size, Reff (Showalter and Nicholson 1990), throughout the background C ring and determined
a positive correlation between Reff and geometric optical depth. Reff is weighted toward the larger
particles in the distribution and we find a similar trend in our maximum cutoff radius, although
weaker than the inverse correlation with τ that we find with the minimum cutoff radius.
χ2 is consistently between one and two in the background C ring indicating that the model is
neither over constrained nor poorly fitting the data. χ2 vs. τN is shown in Figure 3.8. Contour plots
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of the χ2 over cross-sections of the parameter space (Figure 3.7) show that the power-law parameters
are indeed at local minima of χ2 in these regions.
In the low optical depth regions of the inner and outer C ring, and in the C ring ramp, we find
poorer fits to the single-scattering, many-particle-thick simple-power-law. Following the path of
Brooks et al. (2004) we attempt to fit the five wavelengths to a piecewise continuous power-law size
distribution with a power-law slope that transitions from q1 to q2 at the particle radius, abend. Fitting
this five-parameter model, we find that throughout the background C ring, the best-fit parameters
are equivalent to a single value of q ~ 3.2 but in the inner and outer C ring q ~ 3.1 and δq ~ -0.25
with the transition occurring at a particle radius of aknee ~ 0.5 – 1 m. best-fit values of amax and amin
are similar to those determined in the background C ring using the simple power-law. Using this
five-parameter model we find reduced χ2 ~ 5 – 10, not significantly better than those determined
using the three-parameter simple power-law.
In the low optical depth regions of the C ring, we also attempt to fit optical depths to the N
thin-layers model of Zebker et al. (1985), which takes into account multiple scattering but only
between particles in N neighboring particle monolayers, and where N is an additional free model
parameter. Reduced χ2 corresponding to the best-fit parameters is larger by a factor of several in the
low optical depth regions of the C ring indicating that the model is no better at describing the
observed optical depths than the simple single-scattering model. Though in most locations the model
does not fit the five optical depth profiles better, best-fit values of N are one or two in the background
C ring. The simple single scattering homogenous “cloud” model of the ring is recovered in the limit
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that N goes to infinity. Neither model captures all of the variation in measured optical depth with
wavelength, nevertheless small best-fit values of N seem to support the assumption that the rings
have a very narrow vertical extent. This finding is also supported by the determination of small
kinematic viscosities throughout the C ring derived from the damping scale of spiral density waves
by Baillie et al. (2011) and Hedman and Nicholson (2013, 2014). Low kinematic viscosity implies
a low particle velocity dispersion, which is proportional to the square root of the velocity dispersion
and a smaller vertical scale height, given by the velocity dispersion divided by the mean motion of
the ring particles.

5.1.2 The Plateaus and C Ring Ramp
When fitting optical depths of the C ring plateaus to those computed using single scattering
and a simple power-law particle size distribution, we find χ2 > 10, indicating poor model fits. This
is expected since in many of the C ring plateau, optical depths are on the order of unity and multiple
scattering likely contributes to the measured optical depth. As a first course of correction, we apply
the N-thin-layers model of Zebker et al. (1985) which treats the rings as a series of thin particle
monolayers between which multiple scattering occurs. We attempted to fit the additional free
parameter, N (the number of particle monolayers) together with the three free parameters of the size
distribution however, in several of the C ring plateau the model was unable to fit the measured optical
depths with reduced χ2 < 10. We conclude that the poor fits to the simple power-law are not purely
due to multiple scattering (larger optical depths).
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By examining the wealth of viewing geometries available in the UVIS, VIMS, and RSS Xband data sets we find significant evidence for the viewing geometry dependence of normal optical
depth (Figure 4.22) in nearly all the C ring plateaus with the exception of P1 and P2. In the remaining
plateaus’ centers, UVIS normal optical depths vary with ring plane incidence angle, B below B ~ 23º
in a similar fashion to what is seen in the A and B rings due to the presence of self-gravity wakes.
Further, images taken while the ISS narrow-angle camera tracked the orbital motion of ring particles
in P1 and P5 shows large particle aggregates which are routinely referred to as “straw” in other ring
regions.
Cooney et al. (2013) report a large positive skewness in the time series of UVIS HSP counts
throughout the C ring plateaus. A positive skewness, which is derived from the third central moment
of the optical depth distribution indicates an excess of high count regions, consistent with holes in
the ring material on the scale of the Fresnel zone, √λD which is typically ~ 20 m. This result is
consistent with the observed “ghosts”- small regions where the unocculted star signal is observed in
the C ring plateau by Ballie et al. (2011). Using the low-incidence (B ~ 5º) and high spatial resolution
(~10 m) UVIS occultation of the bright star κ Orionis (212) we find an autocorrelation length scale
of ~ 700 m in P1 and 1600 m in P5, consistent with the length scale of the streaky texture seen in
ISS particle-tracking images of these regions (Tiscareno et al. 2018). We attempt to model the ring
in the plateaus’ centers as a series of rectangular slabs similar to the self-gravity wake model of
Colwell et al. (2006, 2007) by fitting the derived optical depth to UVIS occultations covering a wide
range of viewing geometries. In our model, the low optical depth regions represent the holes seen in
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the C ring plateaus, and we use the best-fit geometric parameters to determine the optical depth of
the rings between the observed holes and fit the power-law size distribution parameters.
Using this technique we determine that the holes are widely separated with S/W ~ 50 with
geometric optical depths of τhole < 0.01. The remaining portions of the rings have best-fit H/W ~ 1.4
and τ ~ 0.6. We determine size distribution parameters of amin ~ 15 mm, amax ~ 8 m, and q ~
3.3 with reduced χ2 ~ 2-4. These parameters indicate a narrower size distribution (larger amin and
“steeper” q) and a smaller cross-section weighted particle size, Reff, consistent with Colwell et al.
2017.

5.2 The B Ring

5.2.1 B1
Earth-based observations by French et al. (2007) and Nicholson et al. (2005) show that
throughout the B ring there is a modest azimuthal asymmetry in both reflectivity and transmission
and, while not as apparent as in the A ring, Colwell et al. (2006, 2007), Hedman et al. (2007), and
Nicholson and Hedman (2010) using UVIS and VIMS occultations respectively showed that the
classical optical depth expression underestimates the transmission at low ring plane incidence angles.
Both phenomena are likely caused by the presence of self-gravity wakes, aligned and elongated
particle aggregates which are canted from the direction of orbital motion by ~ 20º by Keplerian shear.
We model and removed their effects using the multitude of observations made by VIMS and by
UVIS and RSS X-band observations. We simultaneously fit the parameters of a simple power-law
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size distribution to the optical depths of the material between opaque wakes. In B1, we choose radial
locations where there was a consistent detectable signal and the optical depth had no systematic
variation over an 80-km radial scale, the resolution of our reconstructed RSS S-band and Ka-band
optical depth profiles. We radially bin the occultation transparencies over as wide a radial region as
the systematic optical depth variation would allow. For example, in the center of the large and small
flat-spots we bin the transparencies to 200 km, the maximum radial scale before large-scale
variations in the optical depth are observed. We convert the mean transparency over the radial range
to optical depth, τ = μln(T-1) and fit them to our six-parameter model.
In B1, we find wake separation to height ratios of S/H < 10, and generally flatter and/or more
tightly packed than in the A ring. We find wake orientation angles of wake ~ 70º (20º prograde from
the direction of orbital motion) consistent with previous studies by Colwell et al. (2006, 2007) and
Hedman et al. (2007). Using the ray-tracing rectangular slab wake model of Colwell et al. (2006,
2007) we find that τwake ~ 4 – 6 and τgap ~ 0.2 – 0.4, consistent with the assumption that self-gravity
wakes in B1 are opaque. Fitting the size distribution to the best-fit intra-wake optical depths we find
amin ~ 1 cm, amax ~ 10 m, and q ~ 2.75 and consistent with French and Nicholson (2000) who
found significantly larger minimum and maximum cutoff radii with q ~ 2.75. Reduced χ2 of 2 - 10
indicate a poorer fit than we find in lower optical depth regions where self-gravity wakes are not
present. However, we note that the self-gravity wakes are not truly rectangular slabs and this may
play role in degrading the quality of the model fits. Self-gravity wake parameters from the ray-tracing
rectangular slab model are summarized in Table 5.2.
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5.2.2 B2-B3
Throughout B2 and B3 optical depths approach their maximum measurable values. There
are however several points with sufficiently low optical depths to fit the self-gravity wake and size
distribution parameters in B2. At these lower optical depth regions where, τN < 2.5 (measured by α
Arae (rev 32) at B = 54º), we find even flatter and more closely packed wakes with H/W ~ 0.03 and
S/W ~ 0.1 but roughly the same separation to height ratio as in B1 and the middle and outer A ring.
Our mean best-fit H/W and S/W are slightly smaller but generally consistent with the findings of
Colwell et al. (2006), who fit only 16 occultations. We find amin ~ 1.5 cm, amax ~ 10 - 20 m, and
q ~ 2.75, consistent with French and Nicholson (2000). The reduced χ2 statistic is similar to those
found in B1, χ2 of 2 – 10.

5.2.3 B4-B5
In the outer B ring, B4 and B5 although optical depths are generally distinguishable from
infinity, there are only fewer radial locations where we find good model fits to optical depths over
the range of wavelengths and viewing geometries compared to B1. At these locations we find highly
flattened and closely packed self-gravity wakes with mean gap optical depths of τGap ~ 0.3. Like the
B1 region we find a mean best-fit power-law index of q ~ 2.9 but a slightly smaller amax ~ 1.0 – 3.0
m. We find no significant sub-cm particle population. The mean best-fit size distribution lower
bound is amin ~ 1.4 cm. In B5, the outermost ~1000km of the B ring, ISS narrow-angle camera
images show “straw” with a radial correlation length scale of several kilometers and extending
azimuthally for many kilometers (Spitale and Porco 2010). These large particle aggregates may
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explain the poor self-gravity wake model fits in the outermost portion of the B ring. “Straw” at the
B ring outer edge is shown in Figure 5.1. The outer edge of the B ring is controlled by the Mimas
2:1 ILR and thus, the radial extent of the B5 region varies by ~ 200 km with longitude. We exclude
the outermost 200 km from our fits.
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Figure 5.1. B5 and the inner Cassini Division showing the “straw” near the B ring outer edge.
This image taken with the Cassini ISS narrow angle camera shows the sunlit side of the B ring
outer edge, the Huygens ringlet within the Huygens gap and the inner Cassini Division. In the ~
20 km interior to the B ring outer edge large particle aggregates are clearly visible. Image credit:
NASA/JPL-Caltech/Space Science Institute

5.3 The Cassini Division

5.3.1 Low Optical Depth Regions
In the Cassini Division and out to a ring plane radius of ~ 120,000 km Cuzzi et al. (2009)
does not report differential XS and KX optical depths required to reconstruct the S-band and Ka176

band optical depth profiles due to the difficulty in determining the free-space radio signal in this
region. Using optical depths measured at three wavelengths, we fit the three-parameter, single
scattering size distribution parameters with the assumption than n0 scales in the same way with
optical depth as in the C ring (n0 ~ 35  τUVIS). Like the low optical depths regions of the C ring, we
limit our discussion to regions where the geometric optical depth is greater than 0.03 corresponding
to ~97% normal transmission. We find amin ~ 5.5 mm, amax ~ 4 - 6 m, and q ~ 2.9. Our bestfit mean value of q in the low optical depth regions of the Cassini Division is in good agreement with
previous studies by Marouf et al. (1983) and Zebker et al. (1985) who only studied the Cassini
Division ramp, and studies by French and Nicholson (2000) who also determined q ~ 2.9.

5.3.2 The Triple band and Cassini Division Ramp
In contrast to the rest of the Cassini Division optical depths in the triple band feature exhibit
viewing geometry dependence similar to the signature seen in the A and B rings where self-gravity
wakes dominate the rings. In this region using optical depths at five wavelengths, we are unable to
fit the optical depths to a simple power-law size distribution considering a many-particle-thick ring
nor by taking into account multiple scattering between particles arranged in several thin monolayers.
We model and remove their effects using the multitude of observations made by VIMS and by UVIS
and RSS X-band observations. We simultaneously fit the parameters of a simple power-law size
distribution to best-fit the optical depths of the material between opaque wakes. In the triple band
feature we find mean best-fit power law index of q ~ 2.75 throughout, slightly lower than in the
central A ring and minimum particle radius of amin ~ 3.8 mm. H/W, S/W, and amax all decrease
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monotonically from the inner edge of the feature where τN is smallest to the feature’s outer hump
where τN reaches a local maximum. H/W ranges from ~ 0.28 – 0.10, S/W ranges from ~ 12 – 2, and
amax from ~ 6.5 – 2.5. χ2 ranges from 0.8 – 0.2. Low values of χ2 indicate that either the errors in
individual optical depths were overestimated or that the model is over constraining the data. Since
the particle aggregates are not likely to be granola bars, the low values of χ2 are likely due to this
overconstraint. Figure 5.2 shows a Cassini ISS narrow-angle camera image of the feature, where the
camera slewed over the particles at the same angular speed as the particle’s orbital motion in the
frame of the camera, thus, there is no “motion blur” and the streaky texture are particle aggregates
and gaps. The inset shows a processed version of the image from Tiscareno et al. 2018 with the mean
signal along the particle’s orbits removed to highlight the streaky texture. Both our best-fit wake
parameters and our best-fit maximum particle radius decreases outward through the feature and the
image appears to show more course texture in the outermost hump of the feature. Also notable in
the image is the Pan 7:6 spiral density wave. Colwell et al. (2008) determined a scale height of only
5 m indirectly by from the kinematic viscosity found from the damping scale of this density wave
and consistent with our best-fit maximum particle diameter.
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Figure 5.2. The triple band feature of the Cassini Division
This image taken with the Cassini ISS narrow angle camera shows the sunlit side of the region of
Cassini Division containing the triple band feature (right side of image). Barely visible in the three
bright wide stripes making up the triple band feature is a streaky texture although the image was
taken while the narrow angle camera slewed along with the ring particles’ motion so that there is
no motion blur. The image scale is 0.69 km/px. Image credit: NASA/JPL-Caltech/Space Science
Institute

5.4 The A Ring

5.4.1 Inner A Ring
The inner A ring from r = 122,357 km – 124,000 km is characterized by optical depths much
like those found in B1. In this region, we find the largest best-fit minimum particle size of amin ~ 2.5
– 3.0 cm still much smaller the surprisingly high determination of French and Nicholson (2000) who
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used Earth-based stellar occultations combined with data from the Voyager I occultation of δ Scorpii
to constrain the minimum particle size in the central A ring to ~ 30 cm. We find that the largest
particles between opaque self-gravity wakes have radii of amax ~ 2 – 3 m and a shallow power-law
index of q ~ 2.85. In this region, self-gravity wakes are evenly separated with a spacing that is
roughly equivalent to their width. These wakes are highly flattened with H/W ~ 0.1.

5.4.2 The Central A Ring
In the central A ring, where the azimuthal brightness asymmetry imposed by self-gravity
wakes is the strongest, we find minimum particle sizes between the wakes of amin ~ 1.0 – 1.5 cm.
The maximum particle size is amax ~ 10 m. In this region the power law index, q, gradually rises from
2.85 in the inner A ring to ~ 3.00 at the inner edge of the Encke gap where the minimum particle size
decreases to an average of about 7 mm. Both the height-to-width ratio and separation-to-width ratio
of the self-gravity wakes gradually increase throughout this region and prominently increase in the
halos surrounding the strong A ring resonances. Combining UVIS, VIMS, and RSS X-band, S-band,
and Ka-band occultations, we find that our results in this region are consistent with Jerousek et al.
(2016) who fit only VIMS and UVIS occultations and assumed q from Zebker et al. (1985).
Throughout the central and outer A ring, Hedman et al. (2007) determined the wake
orientation angle, Wake, by fitting the transparency measured by five low incidence angle
occultations (B = 9.5°) of o Ceti at different longitudes to a Gaussian at each radial location
throughout the A ring. We find that the model determined Wake using the VIMS, UVIS, and RSS
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occultation profiles (Figure 4.13) fit well with the determination from Hedman et al. (2007) using
the o Ceti occultations (Figure 4.8d). Our other geometric self-gravity wake parameters are
consistent with results from Hedman et al. (2007), Hedman and Nicholson (2010), and Colwell et
al. (2006). Figure 5.3 shows a simulated view of the rings bases on the best-fit self-gravity wake
parameters from this study. The azimuthal brightness asymmetry is apparent in the forward-left and
rear-right ansas. Best-fit self-gravity wake parameters are summarized in Table 5.2.

Figure 5.3. Simulated view of Saturn’s rings the best-fit wake parameters of Jerousek et al (2016).
The image shows model-computed optical depths using the rectangular slab wake model of
Colwell et al. (2006, 2007) and the best-fit wake parameters determined by fitting the combined
set of VIMS and UVIS optical depths. Large optical depths are show in white and red and lower
values of optical depth are shown in green. The quadrant brightness asymmetry is clearly visible
with the simulated ring nearly completely transparent on the portion of the left ansa closer to the
observer and the portion of the right ansa nearly behind the planet (180º in longitude from the other
transparent region).
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5.4.2.1 Halos
In the halos extending outward from the strong A ring resonance locations, we find that the
self-gravity wake parameters τGap, H/W, and S/W increase significantly, however the best-fit
minimum particle radius, amin ~ 1 cm, is similar to the best-fit amin in the central A ring outside of the
halos. This suggests that self-gravity wakes are disrupted to some degree throughout the halos
though sub-cm particles are not liberated from the surfaces of the largest ring particles. In the halos,
we find a larger amax ~ 5 m compared with 2-3 m in the rest of the A ring except in the central A ring
where amax also reaches 5 m, again, suggesting the disruption of the formation of self-gravity wakes.
We find no significant difference between the best-fit power law index, q inside or outside the halos.

5.4.2.2 Spiral Density Wave Troughs
There are many strong non-linear spiral density waves in the A ring. Cassini ISS images of
some of these strong spiral density waves have shown the presence of “straw” in their first several
troughs which are flattened in optical depth profiles due to the waves’ nonlinearity. We fit the
occultation profiles with the rectangular slab self-gravity wake model of Colwell et al. (2006, 2007)
with the gap optical depths controlled by a single-scattering simple power law to simultaneously
determine the self-gravity wake parameters as well as the particle size distribution parameters. We
find that the power law index, q does not vary significantly between the density wave troughs and
the background A and B rings outside the waves.
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Figure 5.4. Straw resolved in the troughs of the Janus 6:5 spiral density wave.
This image, taken July 21st 2008 with the ISS narrow angle camera and at a ring plane incidence
angle of B = 34º, shows the Janus 6:5 spiral density wave as well as two other spiral density waves
due to resonances with Prometheus and Pandora. With a resolution of 669 m, “straw” is clearly
resolved in the troughs of the density wave. Also visible outside the spiral density waves is a
‘record-groove’ like undulation due to viscous overstability. Image credit: NASA/JPLCaltech/Space Science Institute
5.4.3 The Trans-Encke Region
In the trans-Encke region, the mean best-fit minimum particle radius is smaller than the
central a ring with amin ~ 4.0 mm in the center of the feature and decreasing to amin ~ 3.0 mm in the
trans-Keeler region. These results are similar to findings by Becker et al. (2016) who used UVIS
occultations to determine the particle size distribution at the Encke gap edges, the Keeler gap edges,
and A ring outer edge and found amin ~ 4.0 – 5.0 mm. with a q of ~ 3.05. Harbison et al. (2013) who
studied the diffraction of Sun-light using VIMS solar occultations determined amin ~ 0.56 mm with
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an assumed power-law index of q ~ 2.9. Our best-fit power-law index, q ~ 3.2, is similar to powerlaw index the C ring than the rest of the A ring. Our mean best-fit maximum particle size between
the wakes in the trans-Encke region is, amax ~ 5 m.

Figure 5.5. The trans-Encke region.
This image taken with the Cassini ISS narrow angle camera shows the sunlit side of the transEncke region of the outer A ring. The image shows the region from the outer edge of the Encke
gap to the A ring outer edge. Image credit: NASA/JPL-Caltech/Space Science Institute
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Figure 5.6. Large particle aggregates in the trans-Keeler region.
This image taken with the Cassini ISS narrow angle camera shows the sunlit side of the transKeeler region of the outer A ring. In the ~ 20 km interior to the A ring outer edge large particle
aggregates are clearly visible. Image credit: NASA/JPL-Caltech/Space Science Institute

Best-fit values of the power-law slope, q are ~ 3.2 throughout the inner C ring except in P1,
P2, and P3 where q drops to ~ 3.05. amax appears to be positively correlated with optical depth
throughout this region and has an average value of ~ 4.5 m. Best-fit values of amin and amax versus
UVIS normal optical depth are shown in figure 5. Best-fit n0, the number of particles of size a0 per
square meter of rings is directly proportional to the optical depth. a0 is taken to be 1 decimeter
throughout this work. Thus, n0 can be thought of as the number of roughly grapefruit sized particles
one could count looking vertically through one square meter of rings. The best-fit power-law
parameters for the inner C ring are shown versus ring plane radius in Figure 3.12.
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5.4.4 Limitations of the Models
Tiscareno et al. (2010) have suggested a trimodal distribution of optical depths in simulated
rings consisting of a monodisperse particle size distribution and surface mass density matching
estimates for the central A ring. One mode is the relatively opaque wakes which take up only a small
fraction of the observed patch of rings, another accounts for the nearly-half of the ring patch that is
essentially empty space, and the third accounts for the area between the wakes that is moderately
dense with particles. The previous two modes both account for the inter-wake region such that the
area- weighted mean optical depth over which these two modes are sampled represents the gap
optical depth, τGap which is referred to in this study as well as Colwell et al. (2006, 2007), Hedman
et al. (2007) and Nicholson and Hedman (2010). They find that the trimodal nature of the optical
depth distribution would only become apparent at extremely low observation angles, B. Figure 4.9
shows normal optical depth distributions from the β Centauri (rev 77) occultation in both the A and
B rings. The B ring distribution of optical depths is qualitatively different than that for the central A
ring where self-gravity wakes are most prominent and undisturbed by other dynamical phenomena
like density waves or viscous overstabilities. This supports the idea that the simple granola bar
geometry is not capturing all the main characteristics of the small-scale distribution of particles in
the B ring.
Indirect measurements of the vertical extent of the rings from the derived kinematic viscosity
determined from the damping of spiral density waves indicates a ring thickness of < 5 m in some
regions of the rings (Colwell et al. 2008) this implies that in these regions, the rings are just one to
several of the largest particles thick however we find poorer model fits using the N-thin-layers model
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of Zebker et al. (1985) than using the single-scattering many-particle-thick ring model in low optical
depth ring regions. We also find poorer fits when combining the N-thin layers model of Zebker et al.
(1985) with the rectangular cross-section wake model of Colwell et al. (2006, 2007) to determine
the particle size distribution parameters between opaque wakes than when using the many-particlethick ring model in the gaps between the opaque wakes. The goodness-of-fit parameters, χ2 is also
poorer when fitting an ensemble of low ring plane incidence angle observations which more directly
probe the monolayer structure of the rings. It is possible that a more robust ring model which takes
into account multiple particle scattering and the effects of the self-gravity wakes themselves on the
diffraction of light could be derived, however our simple model fairly accurately reproduces
measured optical depths and also reproduces self-gravity wake parameters derived by Jerousek et al.
(2016).

5.5

Conclusions

In the low optical depth ring regions, we find good agreement with previous results by
combining optical depth profiles measured by Cassini’s VIMS, UVIS and RSS instruments.

Table 5.1 from Cuzzi et al. (2009) and this study summarizes the parameters of a simple
power-law size distribution determined by Zebker et al. (1985), Showalter and Nicholson (1990),
and French and Nicholson (2000) as well as our results. We find that the simple power-law size
distribution best fits the many optical depth profiles measured by Cassini VIMS, UVIS, and RSS
throughout Saturn’s main ring using the single-scattering homogenous many-particle thick
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(classical) ring model. However, in regions where geometric optical depths are larger than τ ~ 0.2
and generally depend on the viewing geometry of the observation, particle aggregates such as selfgravity wakes or “straw” effect the results of using differential optical depths to determine the size
distribution parameters. In these regions, we constrain the size distribution parameters in the gaps
between opaque wakes or in the background between transparent “holes” (in the case of the C ring
plateaus).

Table 5.1. Average particle size distribution parameters from previous studies using radio and
stellar occultations of Saturn’s rings from Cuzzi et al. (2009) and from this study.
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Ring region

Radius Range
(km)

This study: Cassini VIMS, UVIS, and RSS(d)
Ring C Background
78,446–84,445
Ring C Plateaus
84,460–90,640
Ring C Ramp
90,640–91,970
Ring B
91,970–117,580
Cassini Division
117,580–120,500
Triple Band
120,500–120,780
Cassini Division Ramp
121,000–122,000
A Ring: Inner
122,000–124,000
A Ring: Central
124,000–133,400
A Ring: Outer
134,000–136,780

q
3.2
2.95
3.1
2.8
2.9
2.8
2.9
2.8
2.8
3.2

amin
(cm)

amax
(m)

0.35
4.5
0.5
2.0
0.45
5.5
0.5-3.0 1.0-7.0
0.45
4.5
0.5
2.0
0.45
4.5
1.0-4.0
2.0
1.5
12.0
0.35
4.0

n0 (1 cm)
(#/m2/m)
5400
14000
7300
3800
2300
4200
4000
3500
4500
20000

Q

aeff
(m)
0.75
0.40
1.0
2.2
3.3
4.1
2.5
0.3
0.3
1.8

(a) Size distribution from the Voyager radio occultation observation (Zebker et al., 1985). The
distribution parameters are inferred from inversion of the near-forward scattered λ = 13 cm (Sband) signal over a > 1 m and modeling of the λ = 3.6 (X-band) and λ = 13 cm (S-band) differential
extinction as a power-law distribution over 0.1 cm < a < 1 m. A minimum radius amin = 0.1 cm
was assumed for all ring regions. The results are based on the N thin-layers ring model.
(b) Size distribution from the Earth-based 28 Sgr stellar occultation (French and Nicholson, 2000).
The distribution parameters are inferred from comparison of the strength and shape of profiles of
the observed near-forward scattered stellar flux at 0.9, 2.1, and 3.9 μm wavelengths with
theoretical predictions based on a power-law size distribution model. The model parameters are
assumed uniform across each main ring region and are selected to provide a compromise match to
data at all three wavelengths. Results for the Cassini Division are not well determined. The results
are based on the classical ring model.
(c) Effective radius from the variance of the statistical fluctuations in photon counts observed
during the Voyager PPS stellar occultation (Showalter and Nicholson, 1990). The parameter Q
characterizes the increase in variance above Poisson count statistics. It provides an estimate of the
effective particle radius aeff(PPS) which is controlled by the 4th moment of the size distribution.
For comparison purposes, the last two columns also lists aeff computed based on the inferred RSS
and 28 Sgr size distributions (French and Nicholson, 2000, Showalter and Nicholson, 1990). The
results are also based on the classical ring model.
(d) Simple power-law size distribution results from this study using VIMS, UVIS, and RSS
occultations, covering 5 wavelengths and using the classical ring model. Q (Showalter and
Nicholson (1990)) is not applicable since observations covered multiple viewing geometries and
had different Fresnel scales on the rings. In rings A and B studies (a-c) did not consider the effects
of self-gravity wakes.
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Table 5.2. Best-fit self-gravity wake parameters from the ray-tracing rectangular-slab model in
selected ring features.
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Throughout the A and B rings, we determine the geometric and properties and optical depths
of self-gravity wakes and their gaps using the wealth of viewing geometries available from UVIS,
VIMS, and RSS occultations. We find good agreement with previous studies by Colwell et al.
(2006,2007), Hedman et al. (2007), and Nicholson and Hedman (2010) but provide more narrow
constraints on these parameters largely due to the more robust dataset available to us.
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We find evidence for the disruption of self-gravity wakes in the first trough of several strong
A ring spiral density waves triggered by the moons Mimas, Prometheus, Pandora, Atlas, and
Janus/Epimetheus. In the density wave troughs and in the halos surrounding the strongest density
waves, gap optical depths are larger however we find no evidence of a significant sub-cm particle
population in these regions. We speculate that cm size particles and larger are likely transported
throughout these regions by the increased velocity dispersion associated with the resonances but icy
regolith and sub-cm particles are not liberated from the larger particles in the process.
We find that the C ring, Cassini Division, and the trans-Enke region of the outer A ring are
the only ring regions with a significant fraction of sub-cm particles and these regions also have
steeper power-law indices than the other ring regions. While our study is less sensitive to the
maximum particle size in the distribution than studies of the direct inversion of forward scattered
radio waves (Marouf et al. 1983, Zebker et al. 1985) our best-fit amax are in good agreement with
previous studies except where we sample the particle size distribution between self-gravity wakes.
In these regions we find significantly smaller upper cutoff radii. The exception is the outer A ring
where self-gravity wake formation begins to give way to the formation of more moonlet like particle
aggregates, but also many moon-triggered resonances reside. We find the largest best-fit upper
cutoff radius of amax ~ 20 m in this region.

5.6 Future Work
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Combing optical depth profiles measured by multiple instruments on Cassini has proved to
be a reliable way to ascertain the particle properties and small-scale structure of the rings. In the
future, we hope to acquire multiple high-resolution RSS Ka-band and S-band radio optical depth
profiles. Further, we hope to determine a model of the free-space radio signal in the Cassini Division
gaps and calibrate S-band and Ka-band radio optical depth profiles in this ring region. Using five
wavelengths, we will better constrain the power-law size distribution parameters everywhere in the
rings and track changes in derived particle size distribution parameters as a function of ring plane
radius. Further, more Ka-band an S-band radio optical depth profiles which cover a wider range of
viewing geometries will allow us probe the vertical structure of the rings using low incidence angle
optical depth profiles.
On July 12, 2018, the star HD 168233 will be occulted by Saturn’s rings. The occultation
will be observed by the Hubble Space Telescope, providing further constraints on the sizes of the
smallest ring particles and effects of self-gravity wakes. We will combine this new data with the
wealth of Cassini observations to test our assumptions about the small-scale structure and particle
sizes in Saturn’s rings.
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